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ABSTRACT 
This study aimed to partially replace Portland Cement (PC) with environmentally friendly 
binders capable of improving the longevity of concrete. The new binders consisted of different 
proportions of natural pozzolan (perlite) with various fineness and particle size distributions. A 
step-by-step research program was designed to: (1) discover the optimum fineness of perlite 
powder and its optimum replacement level with cement; (2) investigate the rheological properties 
of the perlite-containing mixtures, and examine whether this binder can be used in self-
consolidating concrete; and (3) assess the weaknesses of the new binder, and improve its 
deficiencies by using nanomaterials such as nano-silica. The major variables included in this study 
were perlite replacement level, fineness of perlite, cement content, and water-to-binder ratio. The 
experimental program assessed the performance of the perlite-containing concrete mixtures, 
including fresh properties (flow-ability and workability), mechanical properties (compressive 
strengths), and transport properties (absorption, rapid chloride penetration, and rapid chloride 
migration). This study also compared the performance of perlite-containing concretes with that of 
an equivalent reference PC concrete, with similar flow and strength characteristics. The results of 
this study revealed that it was possible to find optimum binder proportions to achieve adequate 
plastic and hardened properties. For nearly all of the studied perlite-containing concretes, 
workability and flow-ability were in the acceptable ranges. The mechanical properties 
(compressive strength) of the perlite-containing concretes were slightly higher than those of the 
reference PC concrete, and the transport properties of the perlite-containing concrete were 
significantly better than those of the reference PC.  
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CHAPTER 1.  INTRODUCTION 
1.1. General 
Concrete has been the most widely used man-made material in construction over the past few 
centuries. Portland Cement (PC) is the main binder used in the concrete, with three billion metric 
tons produced per year. It is anticipated that for the next 40 years, the demand of concrete in the 
world have a two-fold increase and reach six billion metric tons. To produce one ton of PC, 0.94 
tons of CO2 emits into the air. (Pacheco-Torgal et al. 2012). The PC production is responsible for 
7% of the total CO2 emissions of the world. (Huntzinger et al. 2009). These numbers cause a 
global concern about annual rate of CO2 emissions in the world because of the cement industry. 
Concrete has always been exposed to severe deterioration in severe conditions. Corrosion is 
one of the major types of concrete degradation in the United States, and it imposes billions of 
dollars of costs to repair concrete bridges, which does not include indirect costs, such as delays 
due to traffic. (Lindquist et al. 2006). 
Moreover, in the past few years the interest in environmentally-friendly and durable concrete 
has grown significantly. There are various ways to extend the service life of concrete and construct 
sustainable structures. These include the use of SCMs in concrete, the use of recycled materials in 
concrete, or the use of materials that are inherently highly durable. Of course, each  of these 
methods has its own costs and benefits.  
 
1.2. Problem Statement 
Concrete structures are always subject to degradation and deterioration due to the presence of 
corrosive materials in severe environmental conditions. Extensive research has been done to 
extend the service life of concrete structures, including bridges, buildings, and concrete pavements. 
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This research has consisted of determining inefficiencies in long-term durability, economic costs, 
or environmental concerns. 
For this reason, there is a need for further research to build more durable concrete and more 
durable concrete infrastructures. These investigations should consider long-term environmental 
guidelines in order to move towards sustainable development, taking into account the durability 
and strength properties of concrete. 
 
1.3. Objective 
A research project has been designed at the University of Nevada, Las Vegas, in collaboration 
with Nova Geotechnical and Inspection Services, to investigate the effect of Natural Perlite 
Powder (NPP), as an SCM, on the strength and permeability of concrete. The research involves 
mix designs of sustainable concrete materials made with Ordinary Portland Cement (OPC) and 
NPP. The output of this research project paves the way for the concrete industry to increase the 
sustainability of concrete structures by using more durable concrete. 
The main purpose of this research was to study the feasibility of using ultra-fine NPP in the 
concrete industry as a partial replacement for cement. The experimental program of this project 
included considering different amounts of perlite replacement in cement paste, different fineness 
for perlite powder, different water-to-cement ratios, and different amounts of cement in concrete. 
For this purpose, a large number of concrete mixtures were made and their engineering 




1.4. Research Significance 
Concrete structures, including residential buildings, bridges, highways, etc., are all subject to 
degradation and reduced service life. For this reason, many of these structures need to be 
redesigned, repaired, or rebuilt. This results in a major concern: these new buildings or structures 
need to be more sustainable and more durable in comparison to their predecessors. Using natural 
pozzolans, such as perlite powder, as supplementary cementitious materials in concrete is one of 
the most effective and sustainable ways to increase the service life of concrete structures. 
 
1.5.   Dissertation Organization 
 
This dissertation, is divided into six chapters organized as follows:  
Chapter 1 of this dissertation describes the problem statement, research objective, research 
significance, and manuscript organization. 
Chapter 2 focuses on the literature review. It talks about the history of using pozzolans in 
concrete as supplementary cementitious materials. This is follows by research on different types 
of pozzolans and the pozzolanic reactions in concrete materials. The the pozzolanic activity of 
perlite powder and the methods being used to activate this materials are deeply investigated in this 
chapter. 
Chapter 3 presents the journal article, “Pretreatment of natural perlite powder by further 
milling to use as a supplementary cementitious material,” which summarizes the first phase of the 
research involving the use of ultra-fine NPP as an SCM in concrete, and investigates the 




Chapter 4 presents the journal article “Effects of the mechanical milling method on transport 
properties of self-compacting concrete containing perlite powder as a supplementary cementitious 
material,” which investigates perlite’s behavior in SCC concrete. Since SCC concrete needs to 
have more viscosity, it is essential to determine whether perlite can be used as an SCM and a 
viscosity modifying agent (VMA) at the same time. In this phase, the main focus will be on 
investigating the rheological characteristics of the natural perlite-containing concrete. Many 
rheological tests such is slump flow, L box, J ring, and V funnel will be conducted on fresh 
concrete at this stage.  
 
Chapter 5 presents the journal article, “Improving the hardened and transport properties of 
perlite incorporated mixture through different solutions: Surface area increase, nanosilica 
incorporation or both,” which focuses on the early strengths of the natural perlite-containing 
concrete. Based on preliminary results, the low reactivity of natural perlite at early ages hinders 
the concrete mixtures in meeting equal compressive strengths with the control mixtures. This 
weakness can be solved by using some other types of pozzolans, like silica fume and nano-silica. 
Therefore, at this stage, trinary blended binders, consisting of cement, natural perlite, and nano-
silica, will be used to investigate the early age strength of the concrete. 
 
Chapter 6 of this dissertation summarizes all of the results obtained in this research, as well as 






CHAPTER 2.  LITRATURE REVIEW 
 
2.1. General 
The ASTM C618 defines a pozzolan as follows: silica or silicon alumina that does not have a 
cementitious value on its own, but can react with calcium hydroxide in the presence of moisture 
at normal temperatures, and produces compounds that have cementitious and adhesive properties. 
Therefore, pozzolan is a natural or artificial substance that contains active silica. It is necessary 
for pozzolanic material to be in powdered form, as this is the only way that can silica form a stable 
calcium silicate with adherent properties in the presence of water with lime (caused by the 
hydration of PC). In addition, the silica portion of the pozzolan should be amorphous because the 
reactivity of crystalline silica is very low. 
Pozzolans are of two types in terms of the origin of the formation: natural and artificial. Natural 
prefix for Pozzolan means, this material is not an artificial substance or byproduct of another 
substance and it does exist on the earth by itself. In the newest classification, proposed by Massazza 
(1989), natural pozzolans are divided into three categories. The first group consists of pyrolastic 
rocks of volcanic origin, such as tuffs and Trass erraces. The second group contains modified 
materials with high silicon contents that have been shaped in a process involving various material 
deposits. The third group, clastic, contains clay and diatomaceous soils. 
Most standards for natural pozzolans, including ASTM C618, set a minimum of 70% for the 
total of the three major oxides, including SiO2, Al2O3, Fe2O3, with a maximum value of 10% for 
Loss on Ignition (LOA), and 3% for moisture content. The table below presents the required 








2.2. Hydration of pozzolanic cements 
 The hydration processes of PC are well known, and begin with the reaction of cement with 
















1264 102 AFHCHCHAFC  
After contact with water, pozzolanic material has no value for adhesion or hardening, but the 
reactions between the silica/siliconic aluminate components of a pozzolan with calcium hydroxide 
can lead to cementitious properties. In fact, pozzolanic activity begins after the formation of 
calcium hydroxide. The following formula shows the main reaction process between 
silica/pozzolanic material and calcium hydroxide, derived from cement hydration as a pozzolanic 
activity: 
 SiO2 + Ca(OH)2    SiO3 Ca + H2 O 
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Because the main components of pozzolans include SiO2, Fe2O3, and Al2O3, and CaO, the 
resulting products from the chemical reactions of the pozzolanic materials are similar to those of 
PC hydration reaction products. 
For about a century, most countries have used natural pozzolans as cement substitutes 
because of many natural pozzolan-deposited mines throughout the world. For this reason, 
extensive studies have been conducted on the effects of natural pozzolans related to the mechanical 
properties and durability of concrete. In this section, recent studies about the effects of natural 
pozzolans on the permeability and mechanical properties of mortar/concrete mixtures are reported. 
 
2.3. Effect of natural pozzolans on mechanical properties and permeability of 
concrete/ mortar 
Lachemi et al. (2007) investigated the use of natural pozzolans on high-strength concrete 
properties. In this study, concrete mixtures containing 0, 5, 10, 15, and 20% replacements of 
cement with pozzolan were made, in order to achieve a compressive strength of 60 MPa in 28 
days. The results showed a decrease in the average pore size diameter, as well as porosity, by 
increasing the amount of the pozzolan. Additionally, the comparison of pore size distribution in 
the control mixture with a mixture of 20% pozzolan, indicated a decrease in the pore size of the 
concrete samples. 
In another study, Lachemi (2007) studied the effects of replacing cement with fly ash in high-
strength concrete in order to investigate the permeability of these concretes against the influence 









The results show that by partially replacing some cement with pozzolans, the resistance of the 
samples to chlorine ion penetration increased. All concrete samples were recorded in the range of 
low-permeability concretes. 
In 2003, Hossain et al. examined the use of volcanic ash on mortar samples by making mortars 
with 0, 20, and 40% cement replaced with volcanic ash. The results indicated that at early ages, by 
increasing the consumption of pozzolan, the total volume of the pores in the pozzolan-containing 
mixtures was higher than in the control sample; however, with increased curing time, the total 
volume of pores of the pozzolan-containing mixtures was close to the control sample. Of note was 
the higher rate of pore volume reduction in the pozzolan-containing samples between 90 and 180 
days, than that of the control sample. This can be attributed to the completion of the pozzolan 
reactions within this interval. 
Further, the results, in terms of chloride attack, indicated an improvement in the durability of 





Figure 2.1. TPV as a function of curing time and VA content (Hossain et. al) 
 
 
The electrical resistivity of the samples containing the volcanic ash was also higher than the 
control sample. By increasing the replacement rate of pozzolan, the electrical resistivity of the 
samples increased (Figure 2.2). The higher electrical resistivity of these samples indicates more 
resistance to chlorine ion penetration. The concentration of chlorine ions in the samples containing 
pozzolan at different depths was lower than the control sample (Figure 2.3). In addition, the 
chloride ion diffusion coefficient, in the samples containing volcanic ash at higher ages, was lower 








Figure 2.3. Chloride ion content (Hossain et. al) 
 
 
An additional study by Li and Ding (2003) investigated the mechanical properties of concrete 
containing a 10% replacement of cement with metakaolin (MK). The results showed that by 
incorporating 10% of MK into the PC, not only were the fluidities of the blended cements 
improved, but the 28-day compressive strengths of the cements were also remarkably enhanced. 
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Further, Badogiannis and Tsivilis (2009) examined the mechanical and transport properties of 
concrete mixtures containing 10 and 20% replacements of cement with MK. Their results indicated 
that MK-containing concrete, in comparison with PC concrete, exhibits significantly lower 
chloride ion permeability and sorptivity. They also reported on the pore structure system of the 
concrete containing MK, for which the total volume of the pores, as well as the mean pore size, 
decreased remarkably; the uniformity of the pore size was also improved by decreasing and 
changing the pore distribution.  
 
2.4. Advantages of using natural pozzolans as a partial replacement for cement 
from environmental perspective. 
The cement industry produces nearly 7% of all global greenhouse gas emissions. In order to 
reduce cement production, it is important to consider new and differentiated methods for the 
production and consumption of this cement (Vizcayno et. al 2010). Partial replacement of PC with 
pozzolans can significantly reduce the environmental impacts of cement consumption. In addition, 
the use of pozzolanic materials has been shown to significantly increase the strength and durability 
of concrete, especially in the case of chemical corrosive attack, as well as reducing alkalinity 
activity reactions. Due to their abundance and low cost, natural pozzolans can be good alternatives 
to cement, while reducing the amount of environmental pollutants (Pourkhorshidi et. al 2010). 
2.5. Shortcoming of natural pozzolans in the short term 
Lime-pozzolanic cement is one of the first of these building materials used extensively in the 
industry. One of the main disadvantages of this pozzolanic cement is its long setting time and low 
compressive strength at early ages. It is generally important for the building industry that 
cementitious materials have significant compressive strengths in a short amount of time. 
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Additionally, low compressive strength at early ages is very common in pozzolanic-cement 
concretes. However, there are some exceptions of chemically active pozzolans, such as MK, which 
can produce higher compressive strengths at earlier ages. 
The chemical compositions of natural pozzolans do not necessarily have direct relationships 
with their reactivity; however, there are other parameters that are more directly related to the 
reactivity of pozzolans, which are mineralogical composition, processing temperature for calcined 
materials, and specific surface areas of fineness. 
 
2.6. Introduction of methods for increasing the reactivity of natural pozzolan in 
concrete mixtures 
There are many different thermal, mechanical, or chemical methods available to enable the 
potential capacity of pozzolanic materials. Thermal methods are based on the principle of heating 
the natural pozzolans, while the mechanical methods are based on grinding principles. Further, 
chemical methods include the use of activators, such as acidic or alkali compounds. Methods like 
(a) calcination of natural pozzolans, (b) acid treatment of natural pozzolans, (c) prolonged grinding 
of natural pozzolans, (d) elevated temperature curing of pozzolan-containing cement paste and 
concrete, and (e) the addition of alkalis to pozzolan-containing cement paste and concrete are very 
commonly used to activate pozzolans. Some of these methods are very costly, while others are not 
sufficiently efficient. Generally, milling and elevated temperature curing are the most widely used 




2.6.1. Disadvantages of thermal methods 
The thermal activation method, at 800 ° C, has a very positive effect on the activation of 
pozzolanic materials. However, generating such a high temperature to calcine the raw materials 
consumes a large amount of energy.  The amount of strength gained in the  concrete from the 
heating process cannot justify the energy consumed by the thermal treatment. It is notable to 
mention that the thermal activation method also consumes a large amount fossil fuels, creating 
outputs of carbon dioxide and other gases (such as SOx, NOx), all of which are environmental 
pollutants. 
 
2.6.2.  Mechanical method by increasing the specific surface of the pozzolan particles 
The milling, or particle size reduction, process is a common method used in the cement 
industry to increase the fineness of cementitious materials. It is also used to grind materials such 
as ground-granulated blast furnace slag and SCMs.  Research has shown that milling can improve 
the performance of the pozzolans in concrete. For example, many studies have shown that milling, 
and increasing the surface area of zeolite particles, successfully improved the reactivity of this 
material in concrete. 
Further, Shekarch et al. (2010) showed that ball-milling zeolite has greatly improved the 
performance of zeolite in cement mixtures, which involves increasing the compressive strength of 
mortars containing the zeolite. In addition, the use of ball-milled zeolite has increased the reaction 




2.7. Introduction to perlite 
Perlite is a hydrated, naturally-occurring volcanic mineral aggregate with a glassy structure 
(crystalline) that is made from the rapid cooling of volcanic lava. About 2 to 6% of the chemical 
composition of the material is water. The water in the chemical structure of pearlite is vapored, 
and gas is given off with an increase of temperature from 900 to 1100°, which leads to the 
formation of bubbles in the softened stone, causing a bubbled structure. The formation of these 
bubbles causes the perlite to expand to about 15 to 20 times of its original size. Expanded perlite 
is used in various applications such as construction, gardening, and industrial. Some applications 
of perlite are as follows: use of light aggregate in the construction industry; as a moisture covering 
for plant roots, and for amending soil in gardening; as bleach additives for the textile industry and 
as an absorbent in the chemical industry. 
In the above applications, the largest portion of use belongs to the construction industry. Its 
low density, as well as its acoustic and thermal insulation capability, has made it possible for 
expanded-perlite light aggregate to be an appropriate and common option in the manufacturing of 
concrete products. Expanded perlite powder can also be used to fill in perforated bricks or as an 
additive coating (Bektasa et al. 2005). Many studies have been conducted around the world on the 
performance of perlite as a replacement source of aggregate in concrete. Such studies include: an 
evaluation of the thermal conductivity of non-structural concrete containing light-aggregate perlite 
(Demirbog et al. 2003); an evaluation of the durability of concretes containing different amounts 
of expanded perlite under melting and freezing cycles; and applying these light aggregates in the 
construction of self-compacting concrete (Polat et al.2010).  
However, few studies have been conducted on the pozzolanic performance of perlite and the 
use of this mineral as a partial replacement for cement. Yu et al. (2003) studied the changes in the 
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compressive strengths of samples containing 0 to 40% perlite powder at the ages of 3, 28, and 90 
days. Results showed increases of 34, 24, and 8% in the compressive strengths of samples 
consisting of 20, 30, and 40% perlite, respectively, at 90 days, compared to the control samples, 
representing the significant pozzolanic activity of perlite.  They also found that the optimum 
replacement percentage of OPC with calcined perlite powder is equal to 15% and 20% for the 
strengths at 28 and 91 days, respectively. It was demonstrated that perlite powder, of which only 
5.6% remains on the 80-μm sieve, had the highest activity. In addition, they detected that perlite 
powder makes a greater contribution to the improvement of compressive strength at a 
higher w/c ratio. Moreover, Bektas et al. (2005) investigated the influence of calcined perlite 
powder (CPP) in suppressing the expansion resulting from Alkali–Silica Reaction (ASR). They 
found that CPP can effectively limit the expansion of mortars. 
Additionally, Ramezanianpour et al. (2014) investigated the effects of replacing a portion of 
OPC with CPP on the various transport properties of concrete mixtures. They found almost 
constant mechanical properties, while transport properties were remarkably improved, mainly 
because of both the consumption of hydroxide ions (−OH) in the pore solution, and the reduction 
in the connectivity and volume of pores. Further, Kotwica et al. (2013)showed that replacing 
OPC with expanded perlite powder, which is an industrial waste material, results in increasing 
the day 1 and day 28 strength of mortar and concrete mixtures, when studying replacement ratios 
of up to 35%. Investigation of the microstructures of the mixtures revealed that the main 
reason for the increased strength of the cement-based materials is the pozzolanic reaction of 
waste expanded perlite powder. On the other hand, another study on NPP indicated that early-
age strength loss is possible as a result of replacing a portion of OPC with perlite powder in the 
mixture design; however, the results for compressive strength of mixtures containing NPP get 
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closer to control mixtures over time, but the pozzolanic reactions of NPP has a lower rate than of 
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CHAPTER 3.  PRETREATMENT OF NATURAL PERLITE POWDER BY 
FURTHUR MILLING TO USE AS A SUPPLEMENTARY CEMENTITIOUS 
MATERIAL 
S. Mahmoud Motahari Karein, Payam Vosoughi, Soroush Isapour , Moses Karakouzian 
 3.1.   Abstract 
Replacing a portion of ordinary Portland cement (OPC) with natural pozzolans may be an 
effective solution to reduce the carbon footprint of the concrete industry and construction costs, 
and to improve concrete durability in general terms. However, some natural pozzolans, such as 
perlite, need to be pretreated to be reactive enough and satisfy the minimum standard qualifications 
of the concrete industry. This research investigated the effectiveness of milling of natural perlite 
as an alternative to calcination, which is the more common reactivation method. For th is purpose, 
the effects of replacing OPC with natural perlite powder (NPP) were studied at three different 
levels of fineness and replacement ratios. A variety of tests for the mechanical and transport 
properties of the concrete were carried out, including a compressive strength test, a surface 
electrical resistivity test, a water penetration test, a rapid chloride permeability test, and a rapid 
chloride migration test. These tests conducted on 14 different types of concrete mixtures with 
various ratios of water-to-cementitious materials (W/Cm), cement content, and replacement ratios. 
The results demonstrated that increasing the fineness of natural perlite could be an effective 
method to reactivate NPP, leading to almost the same compressive strength while improving the 
transport properties significantly. 
Keywords: Natural Perlite powder, supplementary cementitious materials, concrete mass 
transport properties, concrete corrosion, natural Pozzolan reactivation, and Chloride ion ingress. 
22 
 
3.2.   Introduction 
Cement plants are the major industrial contributor to CO2 emissions, second after electric 
power generation. It comprises 5% of the total CO2 emissions that represent the environmental 
carbon footprint of the concrete industry [1]. A possible solution to help mitigate the substantial 
environmental effects of the concrete industry is to replace a portion of the OPC used in the 
concrete mixture design with supplementary cementitious materials (SCM). Reducing the 
consumption of OPC helps to develop a sustainable concrete that also may cost less or have better 
mechanical or durability properties [2-5]. 
SCMs can be categorized as industrial waste materials, such as silica fume or fly ash, and 
natural pozzolans, either raw pozzolans, such as pumice, or calcined pozzolans, such as 
metakaolin. Industrial waste materials like fly ash has been the predominant pozzolan for use in 
concrete construction since the 1930’s. However, the availability has become a problem in recent 
years due to reduction in the use of coal for electric power generation. That is why natural 
pozzolans like Perlite powder has recently got more attention. 
Pozzolans are aluminosilicate materials that can react with hydroxide calcium, and they 
generate a calcium-silicate-hydrate (C-S-H) gel. Generating a C-S-H gel may help improve the 
mechanical and durability properties of cementitious materials by making the pore structure 
denser, cutting the connectivity of pores, and affecting the chemical properties of the pore solution 
[2,7]. This may lead to suppressing both internal and external attacks to the concrete [3, 6]. Natural 
pozzolans are formed by amorphous or vitreous volcanic-eruption materials that have quickly 
cooled under various environmental conditions [8]. However, they are not active enough, 
intrinsically, to satisfy the minimum standard requirements for concrete mixtures. Therefore, 
pretreatment is required by means of either pre-calcination, alkaline activation, or further milling 
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[9-12]. Some studies [13-15] have investigated the effectiveness of further milling as a 
pretreatment method for SCMs. Increasing the specific surface area of SCMS leads to making 
them more efficient by increasing both the filler effect and the heterogeneous nucleation effect. 
On the other hand, it results in more secondary pozzolanic reactions due to the higher contact 
surface between the pozzolan and calcium hydroxide (Ca(OH)2) [16]. The secondary pozzolanic 
effect becomes more substantial at greater ages than the other two effects. 
The benefits of SCMs may help concrete materials to resist against either internal or external 
attacks more effectively. Internal attacks may be prevented by choosing the right raw materials or 
construction method. Bektas et al. [17] demonstrated how replacing OPC with either expanded 
perlite powder (EPP), or natural perlite powder (NPP) can suppress alkali-silica reactions (ASR) 
of reactive aggregate as one of the most important sources of internal attacks. The first line of 
defense against external attacks are the mass transport properties of concrete, which can be 
evaluated by a variety of test methods [18, 19]. Ramezanianpour et al. [20] investigated the effects 
of replacing a portion of OPC with EPP on various transport properties of concrete mixtures. They 
found almost constant mechanical properties while transport properties were remarkably improved 
mainly because of both the consumption of hydroxide ions (-OH) in the pore solution and the 
reduction in the connectivity and volume of pores [6, 21]. Kotwica et al. [23] showed that replacing 
OPC with expanded perlite powder, which is an industrial waste material, results in the increasing 
1 and 28-day strength of mortar and concrete mixtures. They studied replacement ratios up to 35%. 
Investigation of the microstructure of mixtures revealed that the main reason of increasing the 
strength of cement-based materials is pozzolanic reaction of waste expanded perlite powder. On 
the other hand, another study on NPP indicated that early-age strength loss is possible as a result 
of replacing a portion of OPC with perlite powder in the mixture design; however, the results 
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getting closer over time, maybe because of the pozzolanic reactions with a lower rate [22]. Few 
investigations have been done on studying microstructure and degree of hydration of such mixtures 
to prove this hypothesis. 
This paper investigates the effectiveness of further milling as a pretreatment method to 
reactivate NPP in order to replace a portion of OPC in a proportion design for concrete mixtures. 
Replacing OPC with NPP may be advantageous regarding the concrete's properties, but it also may 
adversely affect these properties due to the dilution effect. This is why it was necessary to 
investigate the efficiency of various milling methods as well as the optimized replacement ratio. 
For this purpose, concrete compressive strength, surface electrical resistivity (SER), water 
penetration (WP) resistance, rapid chloride permeability (RCP), and rapid chloride migration 
(RCM) were evaluated and compared for 14 concrete mixture designs at three different ages (7, 
28, and 91 days). It was expected that although replacing OPC may lead to lower mechanical 
strength at earlier ages, relatively, the concrete's durability would improve significantly at greater 
ages and still have almost the same mechanical strength as for fine NPP. 
 
3.3.   Experimental program 
3.3.1. Materials and mixture proportions 
Chemical composition and physical properties of OPC Type I and NPP used in this study are 
shown in  
 
Table 3.1..1, following ASTM C150 and C618 specifications, respectively. A high-range 
water-reducing agent (HRWRA) based on neutral polycarboxylate ether (PCE) satisfied a 
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requirement from ASTM C494. Natural river sand was used as a fine aggregate, having a fineness 
modulus of 2.95, a specific gravity of 2.56, and water absorption of 1.82%, which  addressing a 
specification from ASTM C33. Crushed calcareous aggregates were used as the coarse aggregate, 
with a nominal maximum size of 19 mm, a specific gravity of 2.58, and 1.61% water absorption, 
according to ASTM C33. Drinkable treated tap water from the municipal pipeline was used to mix 
concretes and for curing. 
 
 
Table 3.1.  Chemical and physical properties of cementitious materials 
Chemical Compositiona (%) OPC NPP 
CaO 65.3 1.12 
SiO2 20.8 70.28 
Al2O3 4.3 12.97 
Fe2O3 2.2 1.46 
MgO 2.17 0.41 
K2O 0.63 4.51 
Na2O 0.36 2.96 
Loss in ignition (%) 0.91 3.02 
Physical properties   
Specific gravity 3.15 2.87 
Fineness (cm2/gr) 2800 - 
a Chemical composition determined based on ASTM C114 
 
 
In the laboratory, a simple rotational ball mill that was 450 mm in length and 420 mm in 
diameter was used for the grinding operation, as it is a commonly used method in the cement 
industry. The rotation speed was selected as 30 rpm. The charge of the mill contained 96-kg 
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spherical balls and cylpebs in total. Prior to milling, natural perlite was dried in a 105°C oven for 
one day, and 7 kg of dried material was ground in each cycle to make sure of having uniformly 
ground material at the end of the procedure. Periodically, a 100-gr sample was taken throughout 
the milling procedure to measure the specific gravity and Blaine fineness, and the procedure 
continued until the materials reached the desired Blaine fineness (3100, 3500, and 3900 cm2/gr) 




Figure 3.1. Particle-size distribution of grounded natural perlite powder. 
 
 
Concrete mixture proportions were designed based on the unit volume method. No air-entraining 
agent used, and it was assumed that the air content for fresh concrete would be around 3%. Table 























(W/Cm), equal to 0.32 and 0.4; the cementitious materials content, and OPC replacement ratios 
were considered in the design of concrete mixtures as well as three different levels of fineness for 
NPP. Various dosages of HRWRA were used to achieve the design slump (7.5±2.5 cm) based on 
the fresh properties of each mixture. 
 
 
Table 3.2. Concrete mixture designs of various proportions 















430 0 - 430 843 946 
2 G1B31P10 430 10 3100 387 841 944 
3 G1B31P15 430 15 3100 365.5 840 943 
4 G1B35P10 430 10 3500 387 841 944 
5 G1B35P15 430 15 3500 365.5 840 943 
6 G1B39P10 430 10 3900 387 841 944 
7 G1B39P15 430 15 3900 365.5 840 943 
8 G2CRL 
0.4 
380 0 - 380 844 947 
9 G2B31P10 380 10 3100 342 843 946 
10 G2B31P15 380 15 3100 323 842 945 
11 G2B35P10 380 10 3500 342 843 946 
12 G2B35P15 380 15 3500 323 842 945 
13 G2B39P10 380 10 3900 342 843 946 
14 G2B39P15 380 15 3900 323 842 945 





3.3.2. Specimen preparation and test methods 
All concrete mixtures were prepared using a laboratory pan mixer. Specimens were taken, and 
cured in lime-saturated water at 23±2°C by the testing age, following ASTM C192. To evaluate 
the fresh workability of the mixtures, slump tests were conducted immediately after mixing, based 
on ASTM C143. 
Three 100-by-200-mm cylindrical specimens were placed at two layers, used for measuring 
that compressive strength of the concrete mixtures at ages of 7, 28, and 91 days, according to 
ASTM C39, and the average of the results were reported. SER tests were conducted based on 
AASHTO T358 [24]. The average of the tests performed on two 100-by-200-mm cylinders was 
reported at the ages of 7, 28, and 91 days. A four-probe Wenner-array resistivity meter was used 
for this purpose, having 1.5-inch probe spacing, as illustrated in Figure 3.2..2 [25]. Water 
penetration tests were carried out at ages of 28 and 91 days, following BS EN 12390-8 [26], as 
there is no ASTM or AASHTO standard for this type of test. The equipment and the broken 
specimen after 72-hour test are demonstrated in Figure 3.3.. The rapid chloride permeability test, 
the most common test used to evaluate transport properties over the past few decades, was 
conducted at ages of 28 and 91 days, complying with ASTM C1202 [27]. The rapid chloride 
migration test also was conducted at ages of 28 and 91 days, complying with AASHTO T357 [28]. 





Figure 3.2. Measuring SER using 4-probe Wenner-array device 
 
 
   









3.4.   Results and discussion 
3.4.1. Fresh and mechanical properties 
The required dosage of HRWRA to obtain the slump of each mixture in the desired range is 
presented in  
 
Table 3.3.. Replacing a portion of OPC with some SCMs may adversely affect the workability 
of concrete mixtures due to the change in the particle surface texture or specific surface area [29].  
 
 
Table 3.3.  Required dosage of HRWRA* to achieve designed slump 
 Code Slump (cm) HRWRA (%) 
1 G1CRL 7 0.41 
2 G1B31P10 8.5 0.58 
3 G1B31P15 8 0.54 
4 G1B35P10 7.5 0.69 
5 G1B35P15 8 0.7 
6 G1B39P10 8 0.82 
7 G1B39P15 7 1.04 
8 G2CRL 8.5 0.24 
9 G2B31P10 9 0.26 
10 G2B31P15 8.5 0.31 
11 G2B35P10 8 0.29 
12 G2B35P15 8 0.37 
13 G2B39P10 8 0.35 
14 G2B39P15 7 0.44 




The results show that while the W/Cm ratio was constant, a higher dosage of HRWRA was 
required to compensate for the effect of increasing the fineness or replacement ratio of NPP in 
order to obtain almost the same workability. On the other hand, it was demonstrated that with up 
to a 15% replacement ratio, an increase in the fineness of NPP from 3100 to 3900 cm2/gr did not 
extensively increase the HRWRA demand. 
The compressive strength of concrete mixtures at the ages of 7, 28, and 91 days was measured, 
and the results are presented in Figure 3.5.. The strength decreased by increasing the W/Cm ratio 
and by decreasing the cementitious material content. This led to increasing the volume and size of 
the pores in both the cement paste and the interfacial transition zone (ITZ), which caused a 
decrease in the strength of the mixture [22,16,30]. In addition, increasing the replacement ratio of 
NPP from 10% to 15% marginally reduced the compressive strength of the mixtures. Maximum 
reduction values were 9%, 11%, and 13.8% at the ages of 7, 28, and 91 days, respectively. This 
indicates that although replacing NPP may have some benefits because of a nucleation effect and 
a filler effect, which leads to filling smaller voids and better particle packing, the dilution effect 





Figure 3.5. Compressive strength of Group 1 concrete mixtures 
 
As standard curing continued by the testing age, an increase in age resulted in greater 
compressive strength. However, the rate of gaining strength between ages from 7 to 28 days was 
much higher than for ages from 28 to 91 days. This was due to a reduction in the rate of OPC 
hydration reactions over time. In addition, secondary pozzolanic hydration reactions after ages 
greater than 28 days were not that significant in generating the C-S-H gel, which makes the pore 
structure stronger. 
On the other hand, increasing the specific surface area of NPP from 3100 to 3900 cm2/gr 
increased the compressive strength at an age of 28 days by 25% and 28% for 10% and 15% 
replacement ratios, respectively. It illustrates that making NPP finer by further milling is an 
effective method to enhance the beneficial effects of NPP by increasing the specific surface area. 
3.4.2. Transport properties 
Water penetration depth of designed mixtures was measured at both ages of 28 and 91 days, 
as shown in Figure 3.6.. A 72-hour water penetration depth under a pressure of 500 kPa is an 


























indicate that resistance against water penetration improved by decreasing the W/Cm ratio and 
increasing the cementitious material content. It is also demonstrated that although increasing the 
age is a remarkable term in declining water penetration depth, it is more significant in lower W/Cm 
ratios. The results showed a decrease by 56% and 28%, on average, for mixtures with 0.32 and 0.4 
W/Cm ratios, respectively. Increasing the replacement ratio from 10% to 15% was another 
beneficial parameter, decreasing the water penetration depths by 11.8% and 13.5%, on average, at 
the ages of 28 and 91 days, respectively. This indicates that increasing NPP content not only 
improves the particle packing and generates more C-S-H gel, but also discontinues pore 
connectivity. This is the main advantage of replacing cement with NPP, since it does not improve 
the mechanical properties of the concrete mixtures, as discussed in the previous section. 
Grinding NPP can be an efficient method of reactivating it. The results, as shown in Figure 
3.6., indicate that concrete mixtures that incorporated NPP with the highest fineness also reduced 
the water penetration depth up to 40%, compared to mixtures with coarser NPP. This occurred 
because the SCM had a higher specific surface area as well as better performance in cutting the 






Figure 3.6. Water penetration depth of concrete mixtures 
 
 
Electrical resistivity is an intrinsically important parameter in the corrosion of steel rebars 
embedded in concrete. It also affects the rate of corrosion[31]. The electrical resistivity of concrete 
demonstrates how difficult it is to move ions in the body of concrete; in other words, it can be an 
indication of the time required for external chloride ions to ingress in concrete and to reach the 
critical threshold value to significantly increase the rate of corrosion [32-34]. Results for SER of 
the mixtures measured at ages of 7, 28, and 91 days are shown in Figure 3.7.. These results indicate 
that SER depends on both the W/Cm ratio and the cementitious material content. The results also 
were affected by the NPP replacement ratio. SER increased up to 21% by increasing the NPP 
replacement ratio from 10% to 15%. In fact, the dilution effect may have a decisive role in 
increasing the SER of concrete mixtures by decreasing the concentration of ions coming from 
dissolving OPC particles in a pore solution. Therefore, SER increases by replacing a more 
significant portion of OPC with NPP in low values. However, SER may significantly drop if the 


























The rate of cementitious hydration reactions of OPC exponentially decreased over time; 
however, secondary pozzolanic hydration reactions mainly occurred at longer ages. Pozzolanic 
reactions can significantly increase the SER of concrete mixtures for different causes. It can make 
the pore structure denser and decrease the total volume of pores because it generates more C-S-H 
gel. It also can make the pore network more tortuous by discontinuing the connectivity of pores 
due to generating extra C-S-H gel. On the other hand, hydroxide ions, which are the most 
conductive ions in the pore solution [35,36], are consumed by pozzolanic reactions. It significantly 
decreases the conductivity of the pore solution, and increases the SER of the mixture. 
As shown in Figure 3.7., the SER of control mixtures was improved by 37% due to increasing 
the testing age from 28 to 91 days. Nevertheless, the percentage increased up to 178% and 159% 
for mixtures with 0.32 and 0.4 W/Cm ratios, respectively. Moreover, the improvement was more 
significant in mixtures with lower W/Cm ratios, caused by the lower volume of pores and lower 
connectivity. Therefore, filling some capillary pores resulted in increased tortuosity in the pore 
connectivity [37]. 
The results also indicated that increasing the specific surface area of NPP by further milling 
was an effective method to improve the SER of concrete mixtures. SER results for mixtures at an 
age of 91 days improved by 40% and 63% for concrete mixtures with 0.32 and 0.4 W/Cm ratios, 
respectively. Finer NPP could have better effects for filling and nucleation in earlier ages, while 
increasing the specific surface area could help promote secondary pozzolanic reactions at greater 






Figure 3.7. Surface electrical resistivity of Group 2 concrete mixtures 
 
 
Over the past few decades, the RCP test has been the test most commonly used to evaluate the 
transport properties of concrete mixtures. Plenty of structures have been built using concrete 
mixtures that were designed based on the results of this test. Even though it is relatively expensive 
and time-consuming test, it still is required to conduct this test and compare the results with other 
mixtures. However, there were some problems and limitations in the test procedure. During the 
RCP test, passing a current through the specimen indicates the concrete's ability to resist against 
chloride ion transport under a 60V potential. The results at the ages of 28 and 91 days are shown 
in Figure 3.8.. Results indicated that increasing the W/Cm ratio and decreasing the cementitious 
material content adversely affected the RCP of the mixtures. This is the same trend similar to the 
SER test, and is remarkable increasing with the age being tested; it indicates that significant 


























increase in the NPP replacement ratio from 10% to 15% had a positive effect on RCP test results 
due to the dilution effect on the ions present in the pore solution of the mixtures. 
Concrete mixtures incorporating finer NPP also showed better performance during the RCP 
test, as expected. Increasing the specific surface area made the SCM more reactive as well as 
improving both the filler and nucleation effect. As results indicated, RCP decreased by 54% and 
48% by increasing the fineness for concretes having a 0.3 and 0.4 W/Cm ratio, respectively. 
The RCM test measures the chloride penetration depth under a 0 to 60 DC voltage potential. It 
has some benefits compared to RCP test, such as being able to conduct the test under room 
temperature and measuring chloride ion penetration only, and not the conductivity of all the ions 
in the pore solution. Therefore, results from the RCM test results are more reliable that other 
methods, especially for concrete mixtures incorporating SCMs. 
 
 























As shown in Figure 3.9., chloride migration coefficients increased for concrete mixtures with 
higher W/Cm ratios and lower contents of cementitious material. Increasing the NPP replacement 
ratio decreased the chloride migration coefficient due to the positive effects of dilution. In addition, 
conducting the test at longer ages led to measuring substantially less chloride migration 
coefficients for the concrete mixtures because the further pozzolanic hydration reactions made the 
pore network smaller and more tortuous. 
Although using NPP as an SCM, with even the lowest specific surface area, can improve the 
chloride migration coefficient, the results demonstrated that further milling was an effective 
pretreatment method to improve the chloride migration coefficient of the concrete mixtures. The 
results revealed that using the finest NPP instead of coarse NPP may decrease the chloride 
migration coefficient to the half the value. These results align with those for the SER and RCP 
tests, indicating the benefits of using NPP with higher specific surface areas to promote hydration 










































3.4.3. Correlation between the test results 
A variety of test methods has been developed to evaluate different durability properties of 
concrete mixtures. These methods have various advantages or disadvantages when compared to 
each other, for example, for being fast, inexpensive, non-destructive, or accurate. However, some 
methods still may be used mostly because they have been very well known for a long time, a big 
dataset is available, and engineers are familiar with the results. On the other hand, it is worth noting 
that all the test methods evaluate different intrinsic properties of the same material, so it could be 
expected that the results have good correlation. Therefore, the results of some methods may be 
predicted by that of others, for example, when determining a reliable calibration equation.  
Figure 3.10. illustrates a comprehensive 'big picture' of the correlation between the results of 
different tests conducted during this study. The compressive strength of the concrete mixtures did 
not have any significant correlation with the results of other tests used to evaluate the transport 
properties of the mixture. On the other hand, the results of other four tests supported each other 
and followed the same trend, as all of them substantially depended on the volume and connectivity 
of pores in cement paste. 
Table 3.4. demonstrates some relationships between the results of test methods determined 
when using linear regression analysis by R [39]. The established relationships between SER and 
other tests were nonlinear; however, linear regression was done using a logarithmic transform 
function. Such power relationships could be explained because SER indicates the difficulty of ion 
mobility in the mixture. In fact, it demonstrates the rate of ion transfer, while other test results 
represent water depth, the depth of chloride ion penetration, and the current passed through the 
specimen. This is why the results of other tests increased with a power function in case of low 
SER; this indicated low resistance against penetration or mobility. 
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The WP, RCP, and RCM test results also had reliable linear correlations, based on RMSE, R-
squared, and residual error. All of these tests represent the ability of concrete mixtures to resist 










Table 3.4. Established relationship among the results of different concrete transport test methods 
 Function R-squared RMSE 
P-value 
Slope Power or intercept 
1 RCP = 63382 × SER-0.98 0.87 589 7.98e-27 3.43e-13 
2 RCM = 293.3 × SER-1.04 0.92 2.16 9.30e-22 5.99e-16 
3 WP = 214.8 × SER-0.90 0.84 2.88 2.12e-18 6.08e-12 
4 RCM = 0.0038 × RCP + 0.20 0.92 1.61 1.32e-15 0.80 
5 RCP = 242.6 × WP – 130.0 0.87 509 4.25e-13 0.64 
6 RCM = 0.986 × WP – 1.26 0.93 1.52 3.17e-16 0.14 
 
3.5. Conclusion 
The main conclusions based on the investigations presented in this paper are as follows. 
 Partially replacement of OPC with NPP slightly increases the water demand of fresh 
concrete that can be fixed by increasing the dosage of HRWRA. Increasing the fineness of 
NPP raise the required dosage of HRWRA to reach the same. 
 Further milling is an effective method to improve the performance of NPP in concrete 
mixtures considering the compressive strength. Concrete mixtures incorporating 10% NPP 
with the highest fineness have negligible variation in term of strength at 91-day age. 
 There is a significant improvement in the transport properties of mixtures by replacing 
OPC with NPP due to the filler effect, heterogeneous nucleation effect, pozzolanic effect, 
and dilution effect. 
 There is a substantial improvement in the transport properties of the mixtures between 28 
and 91-day age, indicating that the pozzolanic effect of NPP becomes more substantial at 
longer ages by increasing the specific surface area. 
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 Different proposed test methods for evaluating mass transport properties of concrete 
confirm each other. 
 The strongest correlations between SER and other test results follow a power function. 
However, the results of other tests (including WP, RCP, and RCM tests) have linear 
relationships with each other. 
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CHAPTER 4.  EFFECTS OF THE MECHANICAL MILLING METHOD ON 
TRANSPORT PROPERTIES OF SEL-COMPACTING CONCRETE 
CONTAINING PERLITE POWDER AS A SUPPLEMENTARY 
CEMENTITIOUS MATERIAL 
 
S. Mahmoud Motahari Karein, Alireza Joshaghani, A.A. Ramezanianpour, Soroush Isapour, 
Moses Karakouzian 
4.1. Abstract 
The purpose of this study is to measure the effects of increasing the specific surface area of 
perlite natural pozzolan in self-compacting concrete (SCC) by the mechanical milling method. The 
use of SCC in construction projects allows for a reduction of human resources and equipment, 
which significantly decreases the labor cost and time of construction. SCC often needs chemical 
additives to achieve workability requirements. However, the usage of a greater amount of chemical 
additives as well as cement materials in the mixing designs increases the cost of mixing. 
Incorporation of inexpensive natural pozzolans as an alternative to cementitious materials can 
improve the fresh properties and durability of concrete. Moreover, reducing the hydration heat and 
controlling the shrinkage of SCC mixtures, which mainly contain significant amounts of powdered 
materials, is another benefit of the natural pozzolans. However, the reactivity of natural pozzolans, 
specifically in the early ages, is always a concern when using these supplementary materials. In 
this study, several methods have been proposed to improve the reactivity of these materials. 
Increasing the specific surface area of pozzolanic materials by mechanical milling is one of the 
most economical and efficient methods implemented so far. This study measured the performance 
of various levels of perlite powder, a natural pozzolan, for fresh, mechanical and durability 
properties. In addition, the effects of increasing the specific surface area of perlite powder on 
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properties of concrete were measured and evaluated. According to the results, an increase in the 
specific surface of perlite powder improved the compressive strength and durability index as a 
result of increased reactivity. This was accompanied by a substantial improvement in the properties 
of SCC mixtures in the workability and stability tests. 
4.2. Introduction 
The development of self-compacting, or self-consolidating, concrete (SCC) has resulted in a 
great advancement in concrete technology with regard to its applications in the construction 
industry.  Committee 237 of the American Concrete Institute (ACI) [1] defines SCC as a highly 
fluid and non-segregating concrete that can spread through even dense reinforcement and can fill 
formwork homogenously without using external mechanical consolidation. In its fresh state, SCC 
can flow and consolidate under its own weight while remaining stable as well as fill in formwork 
with complicated shapes and congested areas of reinforcement without any vibrational effort; this 
feature can offer a significant reduction in noise and vibration-related injuries [2]. Indeed, three 
main requirements for fresh concrete properties of SCC are passing ability, flowing ability, and 
stability. SCC technology has better productivity and efficiency levels compared with 
conventional concrete by allowing increased casting speed as well as a reduction in workforce, 
energy, and cost of equipment [3, 4]. 
In order for SCC to reach a high level of workability during construction, expensive chemical 
admixtures along with a high volume of cementitious material or powder material are usually used, 
which increases the cost compared to conventional concrete mixtures [5-7]. One possible solution 
for decreasing the costs related to SCC manufacturing is to utilize local and inexpensive 
supplementary cementitious materials (SCMs), such as natural pozzolans, as partial replacements 
for Portland cement [8, 9]. SCMs with siliceous or aluminous materials react with calcium 
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hydroxide Ca(OH)2 in the presence of moisture and form C-S-H gel [10]. It has been well 
established that incorporating some SCMs in SCC mixtures leads to substantial enhancement in 
both workability and durability properties [4, 11]. Moreover, the use of SCMs in concrete 
applications has been observed to significantly improve durability of the concrete, especially with 
regards to vulnerability to chemical attack or mitigation of alkali-aggregate reactions [12].         
Pozzolans are classified into natural and artificial categories. The most widely used SCMs are 
industrial by-products, such as slag, fly ash and silica fume. However, the problem with these 
SCMs is that they either are rarely available or costly in some regions. According to Mehta [7], 
the cement industry is responsible for nearly 7% of all carbon-dioxide emissions worldwide; 
therefore, reducing cement consumption is an inevitable strategy towards sustainable 
development. That is why finding local sources of available yet low-priced SCMs, such as natural 
pozzolans, is essential to the future of the concrete industry. Natural pozzolans are the products of 
volcanogenic activities [13] and include natural rocks or volcanic sediments, such as clay, shale, 
laterite, bauxite, kaolinite, volcanic glass, pumice, rhyolite, tuff, zeolite, diatomite, and volcanic 
ash [14, 15]. Resources of some types of natural pozzolans, such as perlite, which has glass 
structure (crystalline) that is produced from the rapid cooling of volcanic lava process [16], are 
abundantly available, and have been utilized successfully in industrial projects.  
Due to relatively low costs, perlite has considerable potential for use in the cement and concrete 
industries. As a hydrated volcanic product, a comparatively high water content of 2%-6% 
distinguishes perlite from other hydrous volcanic glasses, such as pumicite and hydrated volcanic 
ash [17]. Erdem et al. [18] tested several types of cement with different fineness values (3200 
cm2/g and 3700 cm2/g) and different amounts of perlite (20% and 30% by weight of cement). In 
order to produce a blended cement, they tested intergrinding or separate grinding techniques and 
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observed that less energy was required to produce blended cement by intergrinding the perlite and 
the clinker. Also, using the same amount of perlite and Blaine fineness, blended cements produced 
by intergrinding resulted in slightly higher values in compressive strength [18]. Kotwica et al. [19] 
reported using perlite to obtain strength gains up to over 50%. In addition, the introduction of the 
perlite led to increasing the chemical durability of the hardened material.  
The chemical composition of a natural pozzolan does not necessarily have a direct effect on 
the reactivity. Factors that have more direct influences on the performance of a natural pozzolan 
include the mineralogical composition, processing temperature for calcined materials, and specific 
surface area or fineness [20]. Calcination, prolonged grinding, acid treatment, and elevated 
temperature curing are among the various efforts to increase the reactivity of natural pozzolans in 
concrete products. However, some techniques are too expensive to be employed [21]. In addition, 
some methods do not show a significant efficacy, such as thermal activation that involves elevated 
temperatures to heat the starting materials. Moreover, the increase in strength due to calcination 
was not high enough to counteract the increase in energy required to calcine the material [14]. 
Ramezanianpour et al. [16] calcined the crushed perlite rocks for 1 hour at a temperature of 850 
˚C and ground the material to obtain the same fineness as that of ordinary Portland cement (OPC); 
they demonstrated that calcined perlite powder (CPP) could be used as an acceptable SCM [22].  
Mechanical methods, such as prolonged grinding of a natural pozzolan, are used most often 
[23]. Using milling to reduce particle size has implemented to prepare other materials, such as 
SCMs. The mechanical activation of solid substances is conducted by mechanochemistry methods 
[24]. Mechanical treatments by using high-impact and friction materials generate more active 
materials in very short periods of time at ambient pressure and temperature [21]. This increase in 
reactivity is caused by an increase in the specific surface area of the material. Thus, increasing the 
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grinding time results in increasing the pozzolanic index [21]. According to Pourghahramani et al. 
[25], previous researchers have indicated "that mechanical activation improves the most important 
characteristic of compressive strength" [26, 27], "enhances the pozzolanic reactivity" [28, 29], 
"accelerates cement hydration reactions" [30], "facilitates rapid hardening of cement" [31], and 
"improves durability" [25, 26]. Vizcayno et al. [21] reported a satisfactory performance at an early 
stage for pozzolan materials, "obtained by mechanochemical treatment of a kaolinite clay with a 
high quartz content...". They observed the pozzolanic index and the mechanical resistances 
attained by grinding were similar to that when using thermal treatment [32]. Pourghahremai and 
Azami [25] found that intensive milling caused structural refinement and plastic deformation on 
rock materials. They identified mechanically activated perlite as a suitable additive into the cement 
by a 30% replacement level. Various studies have tested the increasing SCM reactivity by means 
of milling. These studies mostly used high-energy ball mills working at a speed of 500 rpm [33-
36], which are not feasible for the large scale used in industry [37]. In industry, large rotary ball 
mills are usually implemented at slow levels of rotational speed [37, 38]. An increase in fineness 
that exposes more specific surface area of the natural pozzolan may accelerate early pozzolanic 
reactions. Burris and Juenger [30, 39] reported that milling zeolites more than four hours resulted 
in the greatest reactivity due to decreased particle sizes. There are several methods to indicate the 
fineness of the material, including particle size distribution, Blaine fineness, and a surface area 
analysis  using Brunauer-Emmet-Teller (BET) absorption [20]. Many studies have reported that 
there is an excellent correlation (linearly proportioned) between pozzolan cement strength and 
Blaine fineness of the pozzolan [20]. 
The purpose of this study is to evaluate the effects of increasing the specific surface area of 
perlite powder on fresh and hardened properties of SCC. Slump flow, loss of slump flow over 
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time, J-ring, V-funnel flow, and U-Box tests were conducted to evaluate properties of fresh SCC 
mixtures. Hardened properties of the SCCs were investigated in terms of compressive strength and 
durability. The effects of perlite in various percentages on the compressive strength of SCCs were 
assessed at 7, 28, and 90 days. The durability properties were investigated, including electrical 
resistivity, water penetration, the rapid chloride migration test (RCMT), and the rapid chloride 
permeability test (RCPT). Perlite was used to replace 10% and 15% by the mass of Portland cement 
for three different fineness values of 3100, 3500, and 3900 (cm2/g). 
4.3.  Experimental Methods 
4.3.1  Materials and Mixture Properties 
An OPC with fineness of 2900 cm /gr and specific gravity of 3.15 was used for mixtures. The 
natural pozzolan, perlite had a specific gravity of 2.85. Three different fineness values were 
considered for perlite powder: 3100, 3500, and 3900 cm /gr. The total amount of Al2O3, SiO2 and 
Fe2O3 in the perlite was 84.7%, which is more than the 70% (the minimum requirement for natural 
pozzolans) in ASTM C 618, as shown in Table 4.1.  
 
 
Table 4.1. Chemical Composition of Binders 
Chemical Composition (%) OPC* Perlite 
CaO 64.2 1.12 
SiO2 21.6 70.28 
Al2O3  4.6 12.97 
Fe2O3 2.1 1.46 
MgO 2.16 0.41 
K2O 0.67 4.51 
Na2O 0.38 2.96 
Loss on ignition (%) 0.92 3.02 
    *OPC = Ordinary Portland Cement 
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Grinding was conducted by a mill with a speed of 30 rpm, which consisted of steel spherical 
balls and cylpebs that weighed 96 kg in total. During the grinding, all the materials were kept 
constant; in addition, specific gravity and fineness were tested at regular intervals. This grinding 
process was reported in the other studies [18].  
The particle-size distribution of the perlite powders is shown in Figure 4.1. The initial fineness 
of the particle size was 3100 cm2/gr before the milling process. To produce finer sized particles, a 
vibrating ball mill was used for a certain period. For this purpose, the perlite particles were milled 
for 20 minutes, resulting in 3500 cm2/gr fineness. Also, in order to obtain fineness of 3900 cm2/gr, 






























The maximum size of the coarse aggregates was 19 mm. The specific gravity and water 
absorption of coarse aggregates were 2.74 and 2.0%, respectively, and the values for natural-river 
fine aggregates were 2.5 and 2.4%, respectively. Superplasticizer (SP), which is a polycarboxylic-
ether type with a specific gravity of 1.05, was used in the SCC mixture to achieve the target 
workability (initial slump flow of 650±25 mm) [40]. The mixture details of the SCCs are shown 
in Table 4.2. 
 
 
Table 4.2. Mixture Details for Self-Compacting Concrete 














(%) (kg/m3) Coarse Fine 
Group 1 
Control 1 1 G1CRL 0.32 430 0 0 430 137.6 719 1067 0.62 1.22 
blaine 
3100 
2 G1B31P10 0.32 430 10 43 387 137.6 718 1065 0.65 0 
3 G1B31P15 0.32 430 15 64.5 365.5 137.6 718 1063 0.74 0 
blaine 
3500 
6 G1B35P10 0.32 430 10 43 387 137.6 718 1065 0.78 0 
7 G1B35P15 0.32 430 15 64.5 365.5 137.6 718 1063 0.98 0 
blaine 
3900 
10 G1B39P10 0.32 430 10 43 387 137.6 718 1065 1.06 0 
11 G1B39P15 0.32 430 15 64.5 365.5 137.6 718 1063 1.53 0 
Group 2 
Control 2 12 G2CRL 0.4 380 0 0 380 152.0 721 1071 0.44 2.89 
blaine 
3100 
13 G2B31P10 0.4 380 10 38 342 152.0 719 1068 0.48 0 
14 G2B31P15 0.4 380 15 57 323 152.0 719 1067 0.56 0 
blaine 
3500 
17 G2B35P10 0.4 380 10 38 342 152.0 719 1068 0.54 0 
18 G2B35P15 0.4 380 15 57 323 152.0 719 1067 0.63 0 
blaine 
3900 
21 G2B39P10 0.4 380 10 38 342 152.0 719 1068 0.7 0 
22 G2B39P15 0.4 380 15 57 323 152.0 719 1067 0.98 0 
a: Water-binder ratio 
b:  Percentage of super plasticizer is presented by cementitious material content.  




4.3.2.   Test Procedures 
4.3.2.1. Workability 
The SCC needed careful consideration in the mixing duration and sequence in order to produce 
a homogenous and uniform concrete [41]. The SCC mixtures were made in a pan mixer with 100-
liter capacity. In order to have consistency for all mixtures, a certain mixing sequence was used. 
This procedure consisted of dry mixing the aggregates, limestone filler and Portland cement, for 
one minute. Then, half of the water was added to the dry mixture and mixed for two minutes. 
Finally, the remaining water with SP was added to the mixture and mixed for another two minutes 
[42]. The purpose was to obtain a homogeneous mixture with a slump flow of 650±25 mm [4, 43]  
by adjusting SP dosages. After checking the mixtures were compactible, cylinder specimens were 
prepared with using no vibration attempt. All samples were cured in lime-saturated water (leaching 
of Ca(OH)2 was under control) at 23±2 °C until the test day [44]. The V-funnel flow test was used 
to study the flow ability of the concrete mixtures by measuring the time of flow through the V-
funnel apparatus.  
The L-box is based on a Japanese design to assess the flow of SCC and the extent to which it 
is subjected to blocking by reinforcement under a static pressure [45]. The apparatus involves a 
rectangular section box in the shape of an ‘L’. This rectangular shape had vertical and horizontal 
sections, separated by a portable gate, in front of which vertical lengths of reinforcement bar were 
fitted. The vertical segment was filled with concrete, and then the gate lifted up to allow the 
concrete flow into the horizontal part [46]. The height of the concrete was recorded at the end of 
the horizontal section (when the flow was stopped). Also, the remaining proportion was recorded 
in the vertical segment. The ratio of these two values (H2/H1) showed the slope of the concrete 
when at rest, which is an index of passing ability. 
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Segregation resistance of SCC mixtures is usually measured by the column segregation test as 
described in ASTM C1610 [47]. It consists of a tall polyvinylchloride (PVC) pipe that is the 200-
mm in diameter and 660-mm long, and split into two 165-mm sections and one 660-mm section. 
In the column segregation test, the contents of both the top and bottom sections were washed using 
Sieve #4 after 15 min. The materials on the sieve were dried in an oven and weighed. The static 




× 100 (1) 
Where:  
 = The mass of aggregate retained on a No. 50 sieve from the bottom segment.  
 = The mass of aggregate retained on a No. 50 sieve from the top segment. 
 
In most cases, the acceptable SI for SCC is less than 15 % [47]. This method also was 
recommended by ACI 238.1R to evaluate the static segregation resistance of SCC [48]. Libre et 
al. defined a static segregation index (SSI), which is very similar to that of Eq. 1, but it does not 
include the multiplier “2” [49]. 
4.3.2.2 Mechanical Tests 
The SCC was placed into 100×200-mm cylindrical molds for the compressive strength test. 
All the samples were cured at room temperature for 24 hrs and covered by a wet towel at 23±2℃. 
The compressive strength test was operated with a loading rate of 0.5 N/ mm s⁄  at 7, 28, and 91 
days.  
4.3.2.3 Durability Tests 
The electrical resistivity of concrete is an index of durability that represents the aggressive 
agents penetration [50] and the corrosion rate of embedded reinforcing steel in concrete [44, 51]. 
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The electrical resistivity depends on the moisture, electrolyte and microstructure of concrete 
samples. Usually, a higher susceptibility against the penetration of chloride ions is pertinent to a 
lower electrical resistivity [52]. An electrical resistivity meter was utilized for surface resistivity 
measurement at the ages of 7, 28 and 90 days on three 100×200-mm cylindrical specimens for all 
concrete mixtures. The electrical surface resistivity was measured based on the AASHTO TP95.  
For the water absorption test, three concrete cores of 75 mm in diameter and 130 mm in height 
were prepared after curing for 28 and 90 days. First, the specimens were oven dried at 100℃ to 
110℃ for 72 hrs. Then, the absorption was measured based on the increase in mass due to 
immersion in water for 24 hrs, expressed as a percentage of the mass of the dry specimen.  
The resistance of concrete against chloride-ion penetration was measured by RCPT at the ages 
28 and 91 days, in accordance with ASTM C1202. Cylindrical samples with a diameter of 100 mm 
and a thickness of 50 mm were put under a 60-V potential for 6 hrs. The amount of passed charge 
indicated the chloride ion permeability.  
Furthermore, the RCMT was carried out to determine the durability performance of the 
concrete, and the chloride resistivity of concrete mixtures were examined at ages of 28 and 91 days. 
A 100-mm×200-mm cylindrical specimen was cast for each mixture design, and was divided into 
three disks, each having a 50-mm thickness. The three disks were subjected to a 10% saline (NaCl) 
solution and a 0.3 M sodium hydroxide (NaOH) solution on both sides. An external potential was 
applied across the specimen for 24 hrs to investigate the accelerated penetration of the chloride 
ions. The first value of electrical potential was adjusted based on the initial charge.  
Finally, the cylindrical slices were taken apart and axially split into two halves. To investigate 
the depth of chloride penetration, 0.1 M  of silver nitrate (AgNO3) solution was sprayed on the 
surface of the split halves to measure the chloride ions penetration by observing the purple color 
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through the chemical reaction [54]. The average chloride migration coefficient was determined to 
be consistent with NordTest Build 492. The chloride penetration was then used to calculate the 








where Dnssm is the non-steady state migration coefficient (×10-12 m2/s), T is the average value of 
initial and final temperatures in the anolyte solution (˚C), U is the absolute value of the applied 
voltage, L is the thickness of the sample (mm), xd is the average of penetration depths (mm), and t 
is the duration (hrs) of the experiment. 
 
4.4. Results 
4.4.1. Fresh Properties 
4.4.1.1. SP Demand and Slump Flow 
The SP dosage needed to obtain the slump flow of 650±25 mm is displayed in Figure 4.2. The 
required SP in samples having higher perlite powder levels was slightly greater than that of other 
samples. The higher the cement replacement by perlite powder, the more SP was needed to reach 
the desired slump flow, which was attributed to a large amount of pores in the frame structure and 




Figure 4.2. The SP dosage of SCC mixes to obtain target fluidity. 
 
 
The slump flow loss, summarized in Figure 4.2, decreased with increasing levels of perlite 
powder percentage for all mixtures. The SCC mixtures containing perlite powder with a higher 
blaine indicated a significant loss of workability compared to other mixtures having a lower 
fineness. The mixtures contained perlite powder with a greater w/b exhibited a higher loss of 
slump.  
4.4.1.2. V-Funnel Test 
The viscosity of SCC was assessed indirectly by the V-funnel test. A longer V-funnel flow 
time indicates an SCC mixture with higher viscosity; the opposite is true for a shorter V-funnel 
flow time. The filling ability of mixtures with high viscosity is limited because of low flowability. 
In addition, mixtures with low viscosity are susceptible to segregation. Thus, an acceptable range 
of V-funnel flow time is assigned in guidelines, such as the European Guidelines for Self-
Compacting Concrete (EFNARC).  
As shown in Figure 4.3, using perlite decreased the V-funnel values of SCC mixtures; hence, 
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therefore, all the mixtures were higher than the minimum EFNARC limit (i.e., 6s). This indicates 
that the concrete with perlite at any level of replacement (up to 15%) had high viscosity. For a 
lower water-to-binder ratio (0.32), perlite powder incorporation kept all the V-funnel flow times 
less than 12 s, which was considered to be appropriate. For a higher water-to-binder ratio (0.4), 
using perlite powder with a higher fineness decreased the time flow systematically. The use of 




Figure 4.3. Results of the V-Funnel tests. 
 
 
4.4.1.3. L-Box Test 
Experiments related to the L-box ratio indicate the filling and passing abilities of SCC. In this 
study, the L-box test was performed according to the procedure given by the EFNARC committee 
for self-compacting concrete [57]. The filling abilities of the L-box ratio were from 0.74 to 1.0. 
The L-box test is more sensitive than other similar tests to blocking, especially when the L-box 
blocking ratio is lower than 0.8  [58-60], which happened to the control samples for both water-












The L-box ratios of the mixtures are presented in Figure 4.4. The mixtures had a higher water-
to-binder ratio (0.40) and a greater L-box ratio compared to those having a lower w/b ratio (0.32). 
Using perlite powder with 3500 cm2/gr fineness resulted in the highest flowability in 0.32 w/b, 
which was in accordance with other rheology tests. However, the SCC mixtures having finer 




Figure 4.4. Results of the L-box test. 
 
 
4.4.1.4 Segregation Column Test 
The results of the column segregation test are shown in Figure 4.5. Increasing the w/b ratio led 
to an increase in the segregation index of the mixtures. Also, using particles with a higher fineness 
resulted in a lower segregation index. Figure 4.5 indicates that replacing more OPC with perlite 
caused a decrease in SI. Therefore, 15% perlite replacement reduced the SI more than 10% 
replacement with OPC. The effects of using perlite on stabilizing cementitious mixtures seemed 





















Figure 4.5. Results of the segregation column test. 
 
 
4.4.2. Compressive Strength Test 
Compressive strengths were measured for all mixtures at 7, 28, and 91 days. Figure 4.6 displays 
the compressive strength of SCC mixtures with respect to the level of perlite replacement, w/b 
ratio, and fineness. The compressive strengths were decreased as the perlite contents increased 
during the initial days (i.e., 7-days old) compared to the control sample; however, at 91 days, the 
compressive strength of most of the mixtures was higher than the control sample. This 
improvement in compressive strength can be attributed to the filler effect of perlite powder, which 
makes the cement matrix denser. Perlite particles can be placed between cement particles due to 
the finer particle size, and can improve the quality of the cement paste. The finer the perlite 
particles are, the greater the compressive strength in the same mix designs. This trend has been 
reported previously for the perlite application [61, 62]. As shown in Figure 4.6, the finer particle 
size of perlite (3900 cm2/g) resulted in a higher compressive strength throughout all the ages. 
Samples with a lower w/b ratio (0.32) had a higher compressive strength in every particle size, 




















Figure 4.6. Results of the compressive strength test. 
 
 
4.4.3. Water Penetration Test 
The water penetration properties indirectly represent the volume of pores and their 
connectivity. Lower permeability decreases the probability of chemical attacks due preventing 
soluble salts ingress, such as chloride ions. In Figure 4.7, it can be observed that the mixtures 
incorporating perlite displayed lower water penetration than that of the control mixture. The lowest 
water penetration was obtained for perlite at a dosage of 15% in 3900 cm2/g fineness and w/b of 
0.32. The differences at the lower w/b ratio were not significant; however, the drop in penetration 
depth for the higher levels of perlite powder replacement was evident. From 28 to 90 days, the 
depth of penetration of water in all samples, especially those containing perlite powder, was 
reduced dramatically. The reason for this was the further development of hydration of the cement 
as well as pozzolanic reactivity of the perlite powder, which reduces the porosity of the concrete 


























Figure 4.7. Water penetration test results 
 
 
4.4.4. Surface Resistivity Test 
The electrical resistivity values for all mixtures at 7, 28, and 91 days are presented in Figure 
4.8. The values of all the samples increased with aging, primarily during the initial days. This high 
rate of increase was attributed to hydration and hardening. Over time, more C-S-H gels formed, 
the porosity of the mixtures reduced gradually, and the electrical resistivity growth decreased [63]. 
At the age of 7 days, pozzolanic materials had little meaningful activity, and therefore, fillers could 
not develop mortar durability. It should be noted that the samples used in this evaluation were 
cured by keeping the samples in lime-saturated water between test measurements.  
It was observed that the addition of perlite powder led to a substantial enhancement of the electrical 
resistivity of concrete, especially at higher replacement levels and later stages, compared to the 
control concrete. Furthermore, at the same replacement level, a lower w/b ratio (0.32) resulted in 
higher electrical resistivity. The usage of perlite increased the electrical resistivity mainly by 
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it has been reported that electrical resistivity of concrete increased significantly with the presence 




Figure 4.8. Results of the surface resistivity test. 
 
 
Using finer perlite refined the pore structure and reduced the capillary pores. Therefore, 3900 
cm2/g incorporations resulted in an increase in bulk resistivity compared to the reference mixture. 
In another study, Ramezanianpour et al. [15] indicated that the main reason for this change in 
electrical resistivity could be the dilution effect of pozzolanic reactions. As shown in Figure 4.9, 
there is a linear regression between water permeation and surface resistivity tests. By increasing 




























Figure 4.9. Results of surface resistivity versus water penetration. 
 
 
4.4.5. RCMT Results 
The RCMT was carried out consistently with the NordTest Build 492 method at 28 days and 
91 days. Figure 4.10 displays the non-steady state chloride migration coefficients calculated at 
different ages. The results agreed with other tests, such as water penetration depth and surface 
resistivity, where penetrability decreased by using the higher levels of perlite incorporation and 
fineness. Thus, 3900 cm2/g Blaine and 15% cement replacement improved the migration 
coefficient at the age of 28 days and 90 days. Greater fineness decreased the migration coefficient 
more than with other samples, and had better performance in durability improvement. This was 
attributed to the fact that the finer particles had a higher pozzolanic activity, which led to the 
acceleration of the cement hydration and greater magnitudes of reaction products, resulting in a 
denser microstructure. In addition, by decreasing the w/b ratio, the migration coefficient decreased 
considerably.  
 


























Figure 4.10. Results of the chloride migration coefficient. 
 
 
To show the relationship between the test results for rapid chloride migration and electrical resistivity 
at the ages of 28 days and 90 days, a parabolic curve was plotted as a scatter diagram in Figure 4.11. The 
R2 value was 0.954, which indicates a high correlation between the test results for RCMT and electrical 
resistivity. This implies that high coefficients for chloride migration corresponded to low electrical 



























































4.4.6. RCPT Results 
The results for chloride permeability are shown in Figure 4.12. This measurement was carried 
out with an electric charge passed through the concrete specimens at the ages of 28 and 91 days. 




Figure 4.12. Results of the rapid chloride permeability test. 
 
 
Results indicated that perlite meaningfully improved the resistance to chloride penetration, 
specifically in the higher w/b ratio (0.4). This development in resistance to chloride penetration 
was attributed to the pozzolanic reaction of perlite with Ca(OH)2. As shown in Figure 4.12, at the 
age of 91 days, the maximum charge value for the control sample in w/b=0.32 was 4113 coulombs 
(C). However, the same number for w/b=0.40 was 6684 C. Based on ASTM C 1202, a specimen 
having a charge below 1000 ˚C was considered to have very low chloride permeability. Only 
specimens with a fineness of 3500 and 3900 cm2/g at w/b=0.32 met this requirement, and were 
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of cement in the concrete mixtures and replacing it with perlite powder reduces the alkalinity of 
concrete, thus reducing the amount of charge passed [66]. 
A relationship between rapid chloride permeability and electrical surface resistivity test was 
established, as shown as a parabolic curve in Figure 4.13. The correlation coefficient of 0.949 is an indicator 
of the absence of any significant discrepancy and uncertainty in results. It indicates that high chloride 




Figure 4.13. Results of rapid chloride permeability versus surface resistivity. 
 
 
According to the results, a conclusion can be drawn, based on the presented trend, that the higher the 
chloride migration coefficient is, the higher  the chloride permeability of SCC with perlite would be. As 





























Based on the investigations presented in this paper, the following major conclusions can be made. 
1. Partial replacement of OPC with fine perlite powder might end up increasing the water demand of 
the concrete mixture in order to reach the same level of workability; this can be solved by using a 
higher dosage of a high-range water-reducing admixture (HRWRA). 
2. Concrete mixtures incorporating very fine perlite powder had almost the same compressive strength 
as the control mixtures, especially at the age of 91 days. 
3. Replacing OPC with pretreated perlite powder improved the mass transport properties of concrete 
mixtures by 58% at the age of 91 days. 
4. Various test methods for evaluating the mass transport properties of concrete reliably supported the 
results of each other, therefore, they may be replaced under specific conditions, if required. 
 
 






















1. ACI, Self-consolidating concrete,American Concrete Institute, Committee 237. 2007: p. 
237R-07. 
2. Nagataky, S. and H. Fujiwara. Self-Compacting Property of Highly Flowable Concrete, 
Second CANMET. in ACI International Symposium on Advances In Concrete Technology, 
Las Vegas, ACI SP. 1995. 
3. Khayat, K., C. Hu, and H. Monty. Stability of self-consolidating concrete, advantages, and 
potential applications. in Self-Compacting Concrete: Proceedings of the First 
International RILEM Symposium. 1999. 
4. Ardalan, R.B., A. Joshaghani, and R.D. Hooton, Workability retention and compressive 
strength of self-compacting concrete incorporating pumice powder and silica fume. 
Construction and Building Materials, 2017. 134: p. 116-122. 
5. Granata, M.F., Pumice powder as filler of self-compacting concrete. Construction and 
Building Materials pp, 2015. 96 SRC - GoogleScholar: p. 581-590. 
6. AzariJafari, H., et al., Studying effects of chemical admixtures on the workability retention 
of zeolitic Portland cement mortar. Construction and Building Materials, 2014. 72: p. 262-
269. 
7. AzariJafari, H., et al., Reducing variations in the test results of self-consolidating 
lightweight concrete by incorporating pozzolanic materials. Construction and Building 
Materials, 2018. 166: p. 889-897. 
8. Dinakar, P., K.P. Sethy, and U.C. Sahoo, Design of self-compacting concrete with ground 
granulated blast furnace slag. Materials & Design, 2013. 43: p. 161-169. 
73 
 
9. Joshaghani, A., The effect of trass and fly ash in minimizing alkali-carbonate reaction in 
concrete. Construction and Building Materials, 2017. 150: p. 583-590. 
10. Turu'allo, G., Early age strength development of ggbs concrete cured under different 
temperatures. 2013, Citeseer. 
11. Ardalan, R.B., et al., Enhancing the permeability and abrasion resistance of concrete using 
colloidal nano-SiO2 oxide and spraying nanosilicon practices. Construction and Building 
Materials, 2017. 146: p. 128-135. 
12. Snellings, R., et al., Early age hydration and pozzolanic reaction in natural zeolite blended 
cements: Reaction kinetics and products by in situ synchrotron X-ray powder diffraction. 
Cement and Concrete Research, 2010. 40(12): p. 1704-1713. 
13. Dadu, D., et al. Evaluation of the pozzolanic activity of Kajuru pumice tuff as sustainable 
Cementitious materials for cement blending. in Proc. 4th West Africa Built Environment 
Research (WABER) Conference. 2012. 
14. Hamidi, M., et al., Evaluation and improvement of pozzolanic activity of andesite for its 
use in eco-efficient cement. Construction and Building Materials, 2013. 47: p. 1268-1277. 
15. Joshaghani, A., A. Moazenian, and R.A. Shuaibu, Experimental study on the use of trass 
as a supplementary cementitious material in pervious concrete. J. Environ. Sci. Eng. A, 
2017. 1: p. 39-52. 
16. VOSOUGHI, V., S.M.M. CRIN, and S. EISAPOUR, Evaluation of perlite powder 
Performance in concrete to replace part of the cement. Cumhuriyet Science Journal, 2015. 
36(4): p. 771-777. 
17. Bektas, F., L. Turanli, and P. Monteiro, Use of perlite powder to suppress the alkali–silica 
reaction. Cement and Concrete Research, 2005. 35(10): p. 2014-2017. 
74 
 
18. Erdem, T., et al., Use of perlite as a pozzolanic addition in producing blended cements. 
Cement and Concrete Composites, 2007. 29(1): p. 13-21. 
19. Kotwica, Ł., et al., Utilization of waste expanded perlite as new effective supplementary 
cementitious material. Journal of Cleaner Production, 2017. 140: p. 1344-1352. 
20. 232, A.C. Use of Raw or Processed Natural Pozzolans in Concrete. 2001. American 
Concrete Institute. 
21. Vizcayno, C., et al., Pozzolan obtained by mechanochemical and thermal treatments of 
kaolin. Applied Clay Science, 2010. 49(4): p. 405-413. 
22. Ramezanianpour, A.A., et al., Effects of calcined perlite powder as a SCM on the strength 
and permeability of concrete. Construction and Building Materials, 2014. 66: p. 222-228. 
23. Shi, C. and R.L. Day, Pozzolanic reaction in the presence of chemical activators: Part II—
Reaction products and mechanism. Cement and Concrete Research, 2000. 30(4): p. 607-
613. 
24. Baláž, P., Selected Identification Methods, in Mechanochemistry in Nanoscience and 
Minerals Engineering. 2008, Springer. p. 133-175. 
25. Pourghahramani, P. and M.A. Azami, Mechanical activation of natural acidic igneous 
rocks for use in cement. International Journal of Mineral Processing, 2015. 134: p. 82-88. 
26. Binici, H., et al., The effect of particle size distribution on the properties of blended cements 
incorporating GGBFS and natural pozzolan (NP). Powder Technology, 2007. 177(3): p. 
140-147. 
27. Sajedi, F. and H.A. Razak, Effects of thermal and mechanical activation methods on 
compressive strength of ordinary Portland cement–slag mortar. Materials & design, 2011. 
32(2): p. 984-995. 
75 
 
28. Sekulić, Ž., et al., Mechanical activation of cement with addition of fly ash. Materials 
letters, 1999. 39(2): p. 115-121. 
29. Shi, C. and R.L. Day, Comparison of different methods for enhancing reactivity of 
pozzolans. Cement and Concrete Research, 2001. 31(5): p. 813-818. 
30. Burris, L.E. and M.C. Juenger, Milling as a pretreatment method for increasing the 
reactivity of natural zeolites for use as supplementary cementitious materials. Cement and 
Concrete Composites, 2016. 65: p. 163-170. 
31. Kitamura, M., T. Sahara, and M. Senna, Effects of milling Al (OH) 3 prior to mix with Ca 
(OH) 2 for a rapid cement hardener. Powder technology, 2001. 118(3): p. 203-208. 
32. Wesly, L., Clays and clay minerals: geological origin, mechanical properties and 
industrial applications. Earth Science in the 21st Century copyright by Nova 
Complimentary Contribution Copy Sci Publi, Inc, New York. Google Scholar, 2014. 
33. Kosanović, C., et al., Mechanochemistry of zeolites: Part 3. Amorphization of zeolite ZSM-
5 by ball milling. Zeolites, 1995. 15(1): p. 51-57. 
34. Charkhi, A., H. Kazemian, and M. Kazemeini, Optimized experimental design for natural 
clinoptilolite zeolite ball milling to produce nano powders. Powder Technology, 2010. 
203(2): p. 389-396. 
35. Zielinski, P., et al., Effect of high-energy ball milling on the structural stability, surface 
and catalytic properties of small-, medium-and large-pore zeolites. Microporous Materials, 
1995. 5(3): p. 123-133. 
36. Xie, J. and S. Kaliaguine, Zeolite ball milling as a means of enhancing the selectivity for 
base catalyzed reactions. Applied Catalysis A: General, 1997. 148(2): p. 415-423. 
76 
 
37. Burris, L.E., Increasing the reactivity of natural zeolites used as supplementary 
cementitious materials. 2014. 
38. Cleary, P.W., Ball motion, axial segregation and power consumption in a full scale two 
chamber cement mill. Minerals Engineering, 2009. 22(9): p. 809-820. 
39. Balapour, M., A. Ramezanianpour, and E. Hajibandeh, An investigation on mechanical and 
durability properties of mortars containing nano and micro RHA. Construction and 
Building Materials, 2017. 132: p. 470-477. 
40. Okamura, H. and M. Ouchi, Self-compacting concrete. Journal of advanced concrete 
technology, 2003. 1(1): p. 5-15. 
41. Khurana, R. and R. Saccone, Fly ash in self-compacting concrete. ACI Special Publication, 
2001. 199. 
42. Ramezanianpour, A., M. Khazali, and P. Vosoughi, Effect of steam curing cycles on 
strength and durability of SCC: A case study in precast concrete. Construction and 
Building Materials, 2013. 49: p. 807-813. 
43. EFNARC, Specifications and guidelines for self-consolidating concrete. 2002, European 
Federation of Suppliers of Specialist Construction Chemicals: London, UK. 
44. Pilvar, A., et al. Assessment of four electrical measurement methods for assessing the 
chloride resistance of concretes. in Second International Conference on Concrete 
Sustainability, Spain. 2016. 
45. Engineers, J.S.o.C., Recommendations for Design and Construction of Antiwashout 
Underwater Concrete. Concrete library of JSCE, 1992: p. 89. 
46. Alyhya, W.S., Self-compacting concrete: mix proportioning, properties and its flow 
simulation in the V-funnel. 2016, Cardiff University. 
77 
 
47. ASTM C1610, Standard Test Method for static segregation of selfconsolidating concrete 
using column technique. 2010, American Society for Testing and Materials: West 
Conshohocken, PA. 
48. 238.1R-08, A., Report on Measurements of Workability and Rheology of Fresh Concrete. , 
in American concrete institute. 2008, Farmington Hills. 
49. Libre, N.A., R. Khoshnazar, and M. Shekarchi, Repeatability, responsiveness and relative 
cost analysis of SCC workability test methods. Materials and Structures, 2012. 45(7): p. 
1087-1100. 
50. Joshaghani, A., M. Balapour, and A.A. Ramezanianpour, Effect of controlled 
environmental conditions on mechanical, microstructural and durability properties of 
cement mortar. Construction and Building Materials, 2018. 164: p. 134-149. 
51. AzariJafari, H., et al., Effects of pre-soaked super absorbent polymers on fresh and 
hardened properties of self-consolidating lightweight concrete. Construction and Building 
Materials, 2016. 113: p. 215-220. 
52. Pilvar, A., et al., Practical evaluation of rapid tests for assessing the Chloride resistance 
of concretes containing Silica Fume. COMPUTERS AND CONCRETE, 2016. 18(4): p. 
793-806. 
53. Ahmadi, B. and M. Shekarchi, Use of natural zeolite as a supplementary cementitious 
material. Cement and Concrete Composites, 2010. 32(2): p. 134-141. 
54. 480-5, B.E., Admixtures for concrete, mortar and grout. Test methods. Determination of 
capillary absorption. ISBN: 0 580 47269 8, 2005. 
55. Build, N., Concrete, mortar and cement-based repair materials: chloride migration 
coefficient from non-steady-state migration experiments. Nordtest method, 1999. 492. 
78 
 
56. Sabet, F.A., N.A. Libre, and M. Shekarchi, Mechanical and durability properties of self 
consolidating high performance concrete incorporating natural zeolite, silica fume and fly 
ash. Construction and Building Materials, 2013. 44: p. 175-184. 
57. EFNARC, The European guidelines for self-compacting concrete, experts for specialized 
construction and concrete systems, Self-Consolidation Concrete European Project Group, 
Editor. 2005: Farnham, UK. 
58. Felekoğlu, B., S. Türkel, and B. Baradan, Effect of water/cement ratio on the fresh and 
hardened properties of self-compacting concrete. Building and Environment, 2007. 42(4): 
p. 1795-1802. 
59. Petersson, O. and P. Billberg. Investigation on blocking of self-compacting concrete with 
different maximum aggregate size and use of viscosity agent instead of filler. in 1st 
International RILEM Symposium on Self Compacting Concrete. Cachan: Reunion 
Internationale des Laboratoires d'Essais et de Recherches sur les Materiaux et les 
Constructions, RILEM. 1999. 
60. Dinakar, P., M.K. Reddy, and M. Sharma, Behaviour of self compacting concrete using 
Portland pozzolana cement with different levels of fly ash. Materials & Design, 2013. 46: 
p. 609-616. 
61. Türkmen, İ. and A. Kantarcı, Effects of expanded perlite aggregate and different curing 
conditions on the physical and mechanical properties of self-compacting concrete. 
Building and Environment, 2007. 42(6): p. 2378-2383. 
62. Topcu, I.B., T. Bilir, and T. Uygunoğlu, Effect of waste marble dust content as filler on 




63. Joshaghani, A., et al., Effects of supplementary cementitious materials on mechanical and 
durability properties of high-performance non-shrinking grout (HPNSG). Journal of 
Sustainable Cement-Based Materials, 2017: p. 1-19. 
64. Ahmadi, B., A.A. Ramezanianpour, and J. Sobhani, Rebar corrosion in cracked RC prisms 
located in harsh marine environment. Magazine of Concrete Research, 2014. 66(19): p. 
1007-1019. 
65. Ghosh, P. and Q. Tran, Influence of parameters on surface resistivity of concrete. Cement 
and Concrete Composites, 2015. 62: p. 134-145. 
66. Karein, S.M.M., et al., A new approach for application of silica fume in concrete: Wet 





CHAPTER 5.  IMPROVING THE HARDENED AND TRANSPORT 
PROPERTIES OF PERLITE INCORPORATED MIXTURES THROUGH 
DIFFERENT SOLUTIONS: SURFACE AREA INCREASE, NANO SILICA 
INCORPORATION OR BOTH 
 
S. Mahmoud Motahari Karein1*, Mohammad Balapour2, Moses Karakouzian1 
 
5.1. Abstract 
This study investigates the effect of the synergetic incorporation of perlite powder and 
nanosilica (NS) on mechanical and transport properties of mortar. Inherently, perlite possesses a 
slow pozzolanic activity, which can prolong the improvement in mechanical and transport 
properties of concrete. As such, in this study, perlite powder was ground to fine particles with the 
specific surface area (SSA) of 3100 cm2/g and 3900 cm2/g and was added to the mixture with 10% 
and 15% replacement level, respectively. Moreover, NS, which is found to accelerate the 
pozzolanic reaction in cement matrix due to the high surface area, with dosage of 1%, 2%, 3%, 
and 4% was added to the mixtures in conjunction with the ground perlite to further overcome the 
slow reactivity of perlite at early ages and improve mechanical and transport properties. The 
compressive strength of the samples was assessed, and it was found that 15% replacement of 
Ordinary Portland Cement (OPC) with perlite, with the SSA of 3900 cm2/g, and 2% NS led to the 
highest compressive strength of 68.3 MPa. Transport properties such as electrical resistivity, rapid 
chloride migration, and capillary water absorption of the samples were assessed. It was observed 
that the mixture with 2% NS and 15% replacement of OPC with perlite could increase the electrical 
resistivity to 35.2 k .cm and reduce the migration coefficient to 4.1*10-12 m2/s at 91 days. 
Moreover, this mixture decreased the water absorption at 28 days to the extent of 43% in 
comparison with the control mixture.  
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5.2. Introduction 
Reinforced concrete structures (RCS) can be subjected to severe marine environmental 
condition. In this case, chloride ions can be detrimental to RCS by penetrating into the concrete 
and causing corrosion to the reinforcement. Development of high strength and low permeability 
concrete can be achieved by various methods, such as densifying the microstructure of concrete. 
It is well established that the use of pozzolanic materials can be helpful for increasing the durability 
and serviceability of RCS [1–4]. Generally, pozzolanic materials, due to their high amount of 
amorphous silica content, can react with Ca(OH)2, a product of cement hydration, and form C-S-
H gel, which can improve both mechanical and durability properties of concrete [5,6]. The 
abundance of uniform clusters of C-S-H gel yields a more compact microstructure for the cement 
matrix [7]. Densifying the microstructure of cement matrix by natural pozzolans, in addition to 
improving the transport properties of concrete, reduces the consumption of cement, which 
accounts for 7% of the total carbon dioxide produced in the world [8–11]. 
Different pozzolanic materials can be introduced to the cement matrix as a partial replacement 
of Portland cement, and each of them has a particular physical and chemical property [2,6–10]. 
Perlite is a glassy volcanic rock that contains a high amount of SiO2 and roughly 12-18% of Al2O3 
[16]. Rapid cooling of Magma dictates a crystalline structure and subsequently low reactivity to 
perlite. The low reactivity of pozzolanic materials is a drawback, which can lead to poor 
mechanical and durability properties at early ages [13,17]. Chihaoui et al. [18] observed that 5% 
to 20% replacement of Portland cement with perlite decreased the compressive strength, in 
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comparison with the control samples at early ages. However, at longer ages those values were 
close to the compressive strength of the control samples. Ghafari et al. [19] stated that the main 
difference in X-ray Diffraction (XRD) patterns of plain and perlite incorporated cement paste is 
the diffracted peaks originating from Portlandite, which can show Portlandite consumption and 
can be considered as an indication of the pozzolanic reactivity of perlite. Their investigation 
revealed that there is no notable difference in the peak intensity of plain and perlite incorporated 
cement paste, which implied the low reactivity of perlite. This observation was also consistent 
with the compressive strength results in their study, which showed a lower compressive strength 
of perlite incorporated concrete, in comparison with plain concrete at the age of 7, 28 and 56 days. 
Considering the lower compressive strength for perlite incorporated mixture, proper solutions such 
as thermal, chemical, and mechanical processing can be adapted to solve this problem [20]. One 
of the cost-effective and environmentally friendly approaches for increasing the pozzolanic 
activity of perlite is grinding. The main purpose of grinding is increasing the fineness of particles 
and as a result the increment of their specific surface area (SSA). Burris and Juenger [21] 
investigated the effect of milling on the reactivity of natural zeolite. They observed that ball milling 
of Zeolite notably increased its pozzolanic reactivity, which not only caused more consumption of 
Ca(OH)2 and enhancement of compressive strength, but also reduced porosity. Charkhi et al. [22], 
by use of XRD patterns, showed that an increase in milling time, which led to a higher SSA (finer 
particles), caused a reduction in the crystallinity of Zeolite powder and an increment in the 
amorphous phase. Erdem et al. [16] investigated the effects of 20% and 30% addition of perlite 
powder with the Blaine fineness of 3200 cm2/g and 3700 cm2/g on both the setting time and 
compressive strength of concrete. Their study revealed that an increase in the Blaine fineness 
decreased the setting time by 3% on average due to the higher pozzolanic reactivity of finer perlite. 
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Moreover, for the mixture prepared by perlite with 3700 cm2/g Blaine fineness and 20% 
replacement level a compressive strength 5% higher than that of the control sample was obtained 
at the age of 90 days. While, for the mixture with the same perlite replacement level but with the 
Blaine fineness of 3200 cm2/g, the compressive strength was 5% lower than that of the control 
sample [23]. 
Nano-materials, such as nanosilica (NS), nanoalumina, nanotitanium [24–26], are of 
researchers’ interest due to the high performance that they provide for concrete in terms of 
mechanical, microstructural and durability properties. Researchers have shown that the 
combination of nano-materials and micro-pozzolans can be effective in improving the properties 
of concrete. Indeed, nano-materials can ameliorate early age properties of concrete by providing 
nucleation sites for further pozzolanic reactions [1,24,27,28]. On the other hand, pozzolanic 
materials on a micro scale (i.e., greater than 100 nm), due to their slow rate of reaction, can 
contribute to the long term properties of concrete. The combination of nano and micro scale 
pozzolans can also provide a cost-effective mixture design, regarding the high price of nano-
pozzolans. Zahedi et al. [29] investigated the effect of NS and rice husk ash (RHA) on the 
mechanical and durability properties of mortar. They observed that binary mortar mixtures 
containing RHA, with 5%, 10%, 15%, and 20% replacement level had low strength at early ages 
in comparison with control mixture, but through the course of time and at the age of 90 days, their 
strength developed and for the mixture with 15% RHA compressive strength reached to 77.6 MPa. 
Moreover, binary mixtures containing RHA showed lower strength in comparison to the binary 
mixtures containing NS at early ages. While at the age of 28 and 90 days, ternary mixtures that 
contained 5% NS and 10% RHA outperformed other mixtures in terms of mechanical and 
durability properties. They stated that non-reactive particles in the micro and nano range could 
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help the refinement of the pore structure by filling the pores. Although there is plenty of research 
about the contribution of nano or micro-pozzolans to properties of concrete and mortars, however, 
the synergetic effects of these two ranges of materials and specifically perlite and NS on 
mechanical and transport properties of mortars have not been deeply investigated. The objective 
of this study is to improve the mechanical and transport properties of perlite incorporated mortars 
with increasing the fineness of perlite (perlite with two SSA of 3100 cm2/g and 3900 cm2/g were 
used in this study) and adding NS with various dosages. Compressive strength, electrical 
resistivity, rapid chloride migration coefficient, and water absorption of the mixtures were 
assessed, and the mixture with the best performance was selected.  
 
5.3. Material Properties 
Type I cement with specific gravity of 3.1 g/cm3 according to ASTM C150 was used for the 
production of 11 mixtures. Based on ASTM C618, perlite as a natural pozzolan shall have a 
summation of silicon dioxide, aluminum dioxide, and iron oxide greater than 70 %, and a Loss On 
Ignition (LOI) value of less than 10%. The sum of the mentioned oxides for the applied perlite in 
this study was 84.7%, and the LOI was 3.02%. The specific gravity of perlite was equal to 1.14 
g/cm3. Table 5.1. shows the chemical components of the Portland cement and perlite of this study. 
In order to measure the perlite powder’s SSA, the Blaine air-permeability test was carried out 
in accordance with ASTM C204-11 [30]. In this method, with the use of air permeability apparatus, 
described in ASTM C204-11, the required time that a known volume of air passes through a well-
packed powder will be measured. By having the measured time and using the presented equations 




Table 5.1. Chemical components of the cement and perlite 
Chemical component % Cement Perlite 
CaO  64.2 1.12 
SiO2 21.6 70.28 
Al2O3  4.6 12.97 
Fe2O3 2.1 1.46 
MgO 2.16 0.41 
K2O 0.67 4.51 
Na2O 0.38 2.96 
SO3 1.9 0.52 
Moisture content - 2.8 
Loss on ignition (%) 0.92 3.02 








NS hydrosol, with an SSA of 106 cm2/g and a mean particle size of 36.2 nm, was used in this 
study. According to the manufacturer’s data, it had a mass concentration of 40%. The 
W/(Cementitious) ratio was 0.485, and it was kept constant for all mixtures. The cement was either 
replaced by 10% perlite with the SSA of 3100 cm2/g or 15% perlite with the SSA of 3900 cm2/g. 
In addition, NS was incorporated into the mixtures with the replacement levels of 1%, 2%, 3%, 
and 4% (the percentages are expressed by the weight of cement). Detailed information about the 
proportion of each mixture is presented in Table 5.2.. A polycarboxylate-ether type High Range 
Water Reducing Admixture (HRWRA), which had a specific gravity of 1.1 g/cm3 and the solid 
content of 47% was used to achieve the desired workability of the mixtures.  
 
 
Table 5.2. Mix proportion of mortars 
Mix Code cementitious material 
Cement 
(g) 
Perlite NS Water Sand HRWRA a  
(%) (g) (%) (g)  (g)  (g) (%) 
1 CRL 1000 1000 0 0 0 0 485 2750 0 
2 B31P10 1000 900 10 100 0 0 485 2750 0.27 
3 B31P10-N1 1000 890 10 100 1 10 485 2750 0.29 
4 B31P10-N2 1000 880 10 100 2 20 485 2750 0.36 
5 B31P10-N3 1000 870 10 100 3 30 485 2750 0.49 
6 B31P10-N4 1000 860 10 100 4 40 485 2750 0.54 
7 B39P15 1000 850 15 150 0 0 485 2750 0.52 
8 B39P15-N1 1000 840 15 150 1 10 485 2750 0.59 
9 B39P15-N2 1000 830 15 150 2 20 485 2750 0.68 
10 B39P15-N3 1000 820 15 150 3 30 485 2750 0.81 
11 B39P15-N4 1000 810 15 150 4 40 485 2750 0.98 
     a:  Super plasticizer percentage is presented by cementitious material content. 
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5.4. Experimental Program 
5.4.1. Compressive strength 
For compressive strength test, samples were cast in 100*200 mm cylindrical molds, cured 
under moist burlap during the first 24 hours, and then placed in the lime saturated water at constant 
room temperature (23± ̊C) until reaching the testing age. For each mixture design, three samples 
were tested and the average was reported as the compressive strength. 
5.4.2. Surface electrical resistivity 
At the ages of 3, 7, 28 and 91 days, the electrical resistivity of the mortars was measured with a 
Wenner four electrode probe device (AASHTO TP095). Water saturated cylinder specimens with 
the dimensions of 100×200 mm were used at each age before cutting and preparation for the rapid 
chloride migration test (RCMT). For reduction in the variance of results, this test was conducted 
on the four quaternary longitudinal locations of the cylinder sample and their average was reported 
as the final result. 
5.4.3. Capillary water absorption 
A capillary absorption test was conducted based on BS EN 480-5:2005 on mortar samples at 
the ages of 7 and 28 days. For each mixture, three 50 mm cubic samples were placed in an oven at 
50 °C for ten days until all the pores were dried. Then, all the faces of the sample except one of 
the faces were covered with a waterproof tape to restrict the absorption only through one face. 
Afterward, the sample was placed on parallel rods and put in a container of water so that the 
exposed surface of the sample was in contact with water for 3 mm. Finally, the weight of the 
absorbed water was measured at 3, 6, 24 and 72 hours. 
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5.4.4. Rapid chloride migration test 
RCMT was carried out in accordance with NT Build 492 [32] at the ages of 28 and 91 days. 
Three samples with the dimensions of 50×100 mm were cut from the same cylinder with 
100×200mm dimensions. Then, these three samples were subjected to a special electric potential 
difference, which its extent was determined based on the initial current passed across the sample 
and by the use of the table presented in the NT Build 492 standard. The temperature of the NaOH 
solution was recorded at the beginning and end of the test. After completing the test, the next step 
was to axially split the specimens into two halves in order to spray the 0.1M AgNO3 solution on 
the fractured surface of one of the halves and determine the chloride penetration depth. For each 
sample, the penetration depth needed to be measured at seven points, and their average was 
reported as a chloride penetration depth value. With the use of equation 1, which is presented in 
NT build 492, the migration coefficient of the chloride ions was calculated: 
= . ( )
( )
 ( − 0.0238 ( ) )             (1) 
where “D” is the non-steady-state migration coefficient (×10–12 m2/s); “U” is the absolute value of 
the applied voltage; “T” is the average value of the initial and final temperatures in the anolyte 
(NaOH) solution (°C); “L” is the thickness of the specimen (mm); “Xd” is the average value of the 





5.5. Results and Discussion 
5.5.1. Compressive strength  
Compressive strength was measured at the ages of 3, 7, 28 and 91 days. Results of compressive 
strength are depicted in Figure 5.2.. For the binary mixtures containing perlite, at the ages of 3 and 
7 days, B31P10 had a comparable compressive strength with the B39P15 mixture. It can be 
inferred that at early ages, there is no significant difference (the maximum difference was equal to 
7.5%) in compressive strength between these two mixtures since the perlite did not play a role in 
the hydration process and could not demonstrate pozzolanic reaction. However, at longer ages 
binary B39P15 mixture had higher compressive strength compared with B31P10. This matter 
implies that simultaneous increase of replacement level and SSA can be helpful for the 
enhancement in compressive strength due to higher reactivity of perlite in this case. At all ages, 
binary mixtures containing perlite, regardless of their fineness and perlite replacement level, 
possessed lower compressive strength in comparison to the control mixture, which showed the 
inherent low pozzolanic reactivity of perlite powder. This observation was consistent with 
Chihaoui et al. [18] study. As shown in Figure 5.2., the incorporation of NS increased the 
compressive strength at both early and long-term ages. The high SSA of NS provided nucleation 
sites for the pozzolanic reaction and production of dense C-S-H gel [33]. Indeed, the NS reacted 
with the Ca(OH)2 and produced C-S-H gel, which is mainly responsible for the increase in 
compressive strength of mortars. B31P10-N3 mixture was indicated as the optimum replacement 
level for NS (i.e., 3%) to achieve the highest compressive strength among mixtures with 10% 
perlite. Two reasons attribute to the reduction of compressive strength with 4% addition of NS. 
Firstly, 4% dosage of NS replacement can lead to the agglomeration of NS particles, which is 
mainly due to the high SSA and attraction force among nanoparticles [34]. As such, agglomerated 
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particles in micron range with lower surface areas cannot perform with the high efficiency and 
contribute to the further formation of C-S-H gel, and consequently increase of compressive 
strength. Secondly, there was not enough Portlandite to react with the NS and produce the C-S-H 
gel; consequently, excessive NS could not help to enhance the compressive strength and caused a 
deficiency in the system and reduced compressive strength. On the other hand, B39P15-N2 
mixture among ternary mixtures with 15% incorporation of perlite, had the highest compressive 
strength in the long-term. Besides the previously mentioned reasons, for the system with the higher 
amount of pozzolanic material incorporation, a lower amount of Ca(OH)2 was available to be 
consumed and help the increment of compressive strength. As such, 2% incorporation of NS 





Figure 5.2. Compressive strength of mixtures containing perlite and NS (the maximum standard deviation at each 
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5.5.2. Electrical resistivity 
The electrical resistivity of concrete samples [12] is an indication of their resistance against 
the penetration of aggressive ions such as chloride. The surface electrical resistivity of the samples 
at the ages of 3, 7, 28 and 91 days are depicted in Figure 5.3.. Neither B31P10 nor B39P15 had 
electrical resistivity higher than that of the control sample at the early ages of 3 and 7 days. This 
implies that even the finer particles of perlite could not significantly increase the pozzolanic 
reactivity at an early age. However, both mixtures outperformed the control mixture at the age of 
91 days, and B39P15’s electrical resistivity was 44% higher than that of B31P10. The noticeable 
difference in electrical resistivity of these two mixtures indicated that increasing the SSA to 3900 
cm2/g and a 5% higher content of perlite could be significantly helpful in the enhancement of 
electrical resistivity at the long term. The highest increment in electrical resistivity from 28 days 
to 91 days was 190%, which was associated with B39P15. This can show the slow reactivity of 
perlite and its effectiveness in the long term. 
For all the ternary mixtures, addition of NS to perlite increased the electrical resistivity values, 
in comparison to the binary mixtures containing perlite. This increment was not only observed at 
the long term, but also at early ages, which showed the high reactivity of NS. It can be inferred 
that the slow reactivity of perlite at early ages, which cannot improve the permeability of mortar, 
can be compensated by a small dosage of NS incorporation. The increment in electrical resistivity 
of the ternary mixtures can be attributed to a couple of factors. Firstly, the NS actively refined the 
pore structure of the mortar and made the microstructure denser by a massive production of dense 
C-S-H gel, which was accompanied by perlite contribution at a much slower rate. Secondly, none-
reacted perlite and NS particles filled the macro and nano-pores and caused disconnectivity in the 
microstructure, and consequently, enhancement in electrical resistivity. In addition, the chemical 
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characteristics of the pore solution have a significant influence on the resistivity of the samples. 
The high concentration of alkaline ions in the pore solution can lead to a high conductance of the 
sample, or in other words, a low electrical resistivity. It is shown that incorporation of pozzolanic 
materials can lower the alkalinity of the pore solution and increase the electrical resistivity of 
concrete [11,35]. The pozzolanic reaction leads to formation of C–A–S–H phases with lower Ca/Si 
ratios, which take up more alkalis than high Ca/Si ratio C–S–H phases.  
Among mixtures with 10% perlite, B31P10-N4 had the highest electrical resistivity of 24.6 
kΩ.cm at the age of 91 days. While, among all the mixtures, in terms of electrical resistivity, 




Figure 5.3. Electrical resistivity of mixtures contain perlite and NS (the maximum standard deviation at each age 
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5.5.3. Rapid chloride migration test 
Figure 5.4. shows the migration coefficient of the mixtures at the ages of 28 and 91 days. As 
it can be observed, all of the mixtures had a migration coefficient less than the control sample at 
both ages. Not only increasing the incorporation of perlite from 10% to 15%, but also increasing 
the fineness of perlite from 3100 cm2/g to 3900 cm2/g caused the reduction of the migration 
coefficient. Increasing the SSA of the perlite powder increased the interaction of perlite and 
Portlandite and consequently increase of pozzolanic reaction products. For B31P10-N3 mixture, 
the incorporation of NS was able to reduce the migration coefficient to the extent of 45.7% in 
comparison with B31P10 mixture. NS particles possess high reactivity and can readily react with 
Ca(OH)2 arrayed in the interfacial transition zone (ITZ) and produce C-S-H gel. However, as 
observed there is a favorable replacement level for NS to achieve the best transport and mechanical 
properties, which was found to be 3% for the mixtures with 10% perlite replacement. Firstly, a 
high replacement level of NS can lead to the agglomeration of nanoparticles regarding the 
attraction force among particles. Agglomerated particles form clusters in micro-size, which causes 
reduction in SSA of NS and consequently slower rate in the pozzolanic reactions. Secondly, a 
dosage higher than optimal level causes the formation of weak zones in the microstructure, 
regarding the fact that all available Ca(OH)2 is consumed, and excessive NS cannot follow a 
pozzolanic reaction and contribute to the formation of a denser microstructure. It should be noted 
that the Ca(OH)2 is produced from cement hydration and at early ages its quantity reaches to a 
maximum. Afterward, the decrease in Ca(OH)2 content will start due to its consumption by 
available silica either in perlite or NS [36]. Lower SSA and lower replacement level of perlite, 
which caused less reaction with Ca(OH)2, led to a higher optimal replacement level for NS in 
comparison to the mixtures containing a higher dosage of perlite with higher SSA.     
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At the age of 28 days, there was a 63.6% reduction in chloride migration coefficient from 
B31P10 to B31P10-N3, while this reduction at the age of 91 days was equal to 45%. Generally, at 
28 days, there is a higher rate of reduction between B31P10 and ternary mixtures, regarding the 
slow pozzolanic reaction of perlite and considering ternary mixtures containing NS, which 
noticeably contribute to the migration coefficient reduction. However, at 91 days the rate of 
reduction between B31P10 and ternary mixtures is much smaller since at the long term perlite's 
pozzolanic reactions are progressed and denser microstructure is not only formed for the ternary 
mixtures but also for the binary mixture. For the mixtures containing perlite with SSA of 3900 
cm2/g and dosage of 15%, the optimal replacement level of NS was found to be 2%. At 91 days 
B39P15-N2 had a migration coefficient of 4.1 *10-12 m2/s, which showed an 80.48% reduction in 




Figure 5.4. RCMT results of mixtures contain perlite and NS (the maximum standard deviation at each age was 
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In ternary mixtures, NS helped the refinement of the pore structure by the production of C-S-H gel 
[37] and contributed to the increment of tortuosity and caused disconnectivity in the transport 
channels inside the microstructure. Zahedi et al. [29] observed that 5% incorporation of NS and 
10% RHA could decrease the chloride migration coefficient at 90 days to the extent of 85% in 
comparison to the control mixture. Joshaghani and Moeini [28], studied the transport properties of 
ternary mixtures made with NS and sugar cane bagasse ash (SCBA). They observed that 6% 
incorporation of NS and 15% SCBA could decrease the chloride migration coefficient to 3.5*10-
12 m2/s, which was 83% less than chloride migration coefficient for the control mixture. 
 
5.5.4. Capillary Water absorption 
The results of the capillary water absorption test are shown in Table 5.3.. As is shown, by 
adding pozzolanic material, the water absorption of the mortar samples meaningfully decreased. 
At 7 days, adsorbed water in B31P10 did not have a big difference with the control mixture. On 
the other hand, ternary mixtures which contain NS had less water absorption at 7 days. Nano-
materials, such as NS and in general pozzolanic materials, which can be used in the cement matrix 
as additives, will produce more nucleation sites, which can create more C-S-H gel at early ages. 
On the other hand, the portion of pozzolanic materials that cannot react with Ca(OH)2 can take a 
filler role to densify the microstructure of the mortar and reduce the total amount of pores in the 
cement paste and result in water absorption reduction. The lowest capillary water absorption 
happened when it came to ternary mixtures, i.e. B39P15-N2, which reduced 72 hours water 
absorption to the extent of 73% at 28 days in comparison to the control mixture. 
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By increasing the age of the samples from 7 to 28 days, the capillary water absorption 
decreased and this reduction was more pronounced for perlite with higher SSA. The reason is that 
at higher age perlite started to react in the cement matrix and finer perlite had a higher rate of 
pozzolanic reaction due to higher SSA. For instance, at 7 days, B31P10 mixture reduced the 72 
hour water absorption by 4.9% compared with the control mixture and at 28 days this reduction 
was equal to 22%. On the other hand, the B39P15 mixture that had finer perlite powder reduced 
72 hours water absorption at 7 days by 46% and this reduction increased to 52% at 28 days. This 
phenomenon can be attributed to the filler effect of small particles at early ages.  
 
 
Table 5.3. Capillary water absorption of mixtures containing perlite and NS 





Mixture Code 3h 6h 24h 72h   3h 6h 24h 72h 
CRL 5.83 6.88 8.58 11.83 
 
4.88 5.94 7.48 10.01 
          
B31P10 5.00 6.25 6.93 11.25 
 
3.74 4.44 5.44 7.81 
B31P10-N1 4.52 6.15 6.71 10.31 
 
3.37 4.56 5.28 7.83 
B31P10-N2 4.10 5.86 6.19 9.37 
 
3.06 4.08 5.14 7.63 
B31P10-N3 3.43 4.17 5.95 7.05 
 
2.70 3.26 5.45 5.63 
B31P10-N4 3.42 4.13 5.99 7.00 
 
2.74 3.05 5.46 5.60 
          
B39P15 3.35 3.94 5.18 6.73 
 
1.98 2.52 3.21 4.81 
B39P15-N1 2.70 3.27 4.72 5.71 
 
1.70 2.25 2.81 3.83 
B39P15-N2 2.09 2.65 4.22 4.58 
 
1.29 1.61 2.58 2.74 
B39P15-N3 2.10 2.50 4.18 4.39 
 
1.27 1.73 2.56 2.98 
B39P15-N4 2.23 2.79 4.33 4.85 
 
1.39 1.74 2.70 3.13 
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5.5.5. Correlation between RCMT and electrical resistivity 
Nernst-Einstein equation can be used to demonstrate  the relationship between electrical 
resistivity and the chloride migration coefficient in concrete: 
= . = .                    (2) 
Where “Dcl” is the chloride ions diffusion coefficient; “R” is the gas constant; “T ” is the absolute 
temperature; “F” is the Faraday’s constant; “Zcl” is the chloride ions valence; “tcl” is the 
transference number of chloride ions; and “ ” is the electrical resistivity of concrete. This equation 
can be simplified and the relationship between chloride migration coefficient and electrical 
resistivity can be expressed as equation 3: 
= .                    (3) 
Where “K” is the correlating factor between the electrical resistivity and the chloride diffusion 
coefficient. The K factor can be influenced by many variables, such as pozzolanic material type, 
cement type, pore solution composition, etc. 
As it was observed in this study (see Figure 5.5.), the correlation between electrical resistivity and 
migration coefficient strongly ( R² = 0.837 ) obeyed the simplified Nernst-Einstein equation. With 
the increment of electrical resistivity, the migration coefficient decreased, since the incorporation 
of pozzolanic materials caused the densification of the microstructure, which reduced the 
permeability of the samples. Reduction in permeability increased the electrical resistivity and 
decreased the migration coefficients of the samples. Zahedi et al. [29] obtained the correlation 
between electrical resistivity and migration coefficient of mixtures containing RHA and NS. They 
also observed that this correlation followed the Nernst-Einstein equation and it was expressed as 
= 2704.3. . . In addition, Balapour et al. [11], for the mixtures containing SCBA and NS 
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Figure 5.5. Correlation between the chloride migration coefficient and electrical resistivity of mixtures containing 





This paper investigated the mechanical and transport properties including compressive 
strength, electrical resistivity, chloride migration coefficient, and water absorption of the mixtures 


























3100 cm2/g and 3900 cm2/g with 10% and 15% replacement level, respectively, was incorporated 
in the mixtures. The following conclusions can be drawn based on this study: 
1- At early ages, perlite powder had no significant contribution to the compressive strength of the 
mortars. Moreover, at long term, binary mixture with 15% perlite powder and the SSA of 3900 
cm2/kg could not achieve a compressive strength higher than control mixture. As such, for the 
ternary mixtures, the enhancement of compressive strength at early ages was attributed to the NS 
incorporation, which possessed a high SSA and promoted the pozzolanic reaction by providing 
nucleation sites. The B39P15-N2 had the highest compressive strength of 68.3 MPa.  
2- Binary mixtures of B31P10 and B39P15 had electrical resistivity values higher than that of 
control mixture only at long term ages i.e., 28 and 91 days, which was attributed to the slow 
pozzolanic reactions of perlite. Synergetic incorporation of NS and perlite could enhance the 
electrical resistivity values not only at early ages, but also at long term. In ternary mixtures, the 
enhancement of electrical resistivity at early ages was attributed to incorporation of NS and perlite 
showed its contribution mostly at long-term ages. NS not only refined the pore structure of the 
matrix due to the high surface area, but also its none-reacted particles filled the nano-pores in the 
microstructure. 
3- In binary mixtures, increasing the SSA of perlite powder from 3100 cm2/g to 3900 cm2/g, along 
with increasing the replacement level of perlite substitution, was successful in the reduction of the 
chloride migration coefficient. The production of a larger amount of C-S-H gel, which densified 
the microstructure, caused the reduction of the chloride migration coefficient. The highest 
reductions in chloride migration coefficient was of the ternary mixtures, which showed the 
constructive performance of perlite and NS in the cement matrix.  
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4- At the age of 7 days B31P10 could not decrease water absorption significantly while B39P15 
could decrease 72 hours water absorption by 46%. By increasing the age of samples from 7 days 
to 28 days in the capillary absorption test, the performance of binary mixtures containing perlite 
improved. By increasing the amount of perlite replacement with cement as well as adding NS, 
water absorption reduction was more pronounced and B39P15-N2 caused the highest water 
absorption reduction among ternary mixtures. 
5- The empirical correlation between chloride migration coefficient and electrical resistivity at the 
ages of 28 and 91 days was aligned with the Nernst-Einstein equation. As was expected, the 
increase in electrical resistivity was accompanied by a reduction in the chloride migration 
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Based on the research, and considering that these results are exclusively related to the 
materials and methods used in this experimental research, and in many cases there is a need for 
broader experimental investigations for definitive comments, the following results can be 
concluded: 
 The results of the compressive strength test of concrete specimens show that, in general, 
the compressive strength of concrete specimens increases with an increasing age and a 
decreasing water to cement ratio; and with the increasing age of specimens, the difference 
between the values of compressive strength obtained in the mix designs containing Perlite 
and control samples are reduced. According to the results, it is observed that the process of 
gaining compressive strength in samples containing perlite in the period of 5 to 90 days is 
more than that of the control sample, which indicates the higher pozzolanic activity of 
perlite at 28 and 90 days. The results show a higher performance of perlite with higher 
specific surface area at higher water-cement ratios. Additionally, the decrease in 
compressive strength by increasing the replacement level of perlite with cement at lower 
water-to-cement ratios can be attributed to the dilution effect of perlite. 
 The results of the pressurized water penetration test show that the best performance of 
concrete in all ages and at both water-to-cement ratios is related to the concrete mixtures 
with 10% perlite replacement. Increasing the replacement level from 10% to 15% has an 
adverse effect on internal permeability. 
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 Observing the results of the volumetric water absorption test, it can be concluded that the 
partial replacement of perlite with cement generally reduces the volumetric water 
absorption of the concrete samples. However, higher replacement rates have reduced this 
improvement, and in some cases lead to increased volumetric water absorption in the 
samples. The reason for this can be attributed to the dilution effect of perlite at higher 
replacement levels, and its effect on other beneficial effects of perlite in reducing porosity. 
 According to the results of RCPT experiment, it can be seen that the use of perlite reduced 
the rate of electric charge passage through the samples, and decreased its permeability to 
chloride ions. Therefore, by increasing the fineness level of perlite, at 28 days, the 
permeability to chloride ions was in accordance with the ASTM C1202 standard 
classification of water-to-cement ratio of 5, which had decreased from “high” to “low.” 
Further,  at 90 days, with a water-to-cement ratio of 35, the permeability index had 
decreased from “average” to “negligible.” In this experiment, in all concrete mix designs 
with different water-to-cement ratios, the best performance was for concrete containing 
perlite with a specific surface area of 3900. 
 The results show that perlite significantly increases the electrical resistivity of concrete 
samples. For concrete samples containing 15% perlite with specific surface areas of 3900, 
in some cases the electrical resistivity was more than three times higher than the control. 
 A relatively favorable correlation was observed between the results of the compressive 




 In summary, it can be concluded that the compressive strength and durability of concrete 
samples containing perlite with a higher specific surface area had a better performance than 
that the control samples. 
6.2. Future works 
As the main purpose of the project was to evaluate the durability of concrete containing ground 
perlite, long-term results can be interpreted in a more precise way. Therefore, it is recommended 
that follow-up tests (two years and more) be conducted: 
 Study of the  mechanical properties and durability of perlite-containing concrete in acidic 
corrosive environments, against alkaline reactions and carbonation phenomena; 
 Investigation of the effect of simultaneous use of perlite and lime stone powder for the 
evaluation of rheological properties of self-compacting concrete; 
 Investigation of the effect of cementitious compounds on the pozzolanic reactions of 
perlite; 
 Investigation of the effect of perlite on the hydration of Portland Cement; 
 Investigation of the combined effect of chloride ion penetration and sulfate attack on 
perlite-containing concrete; 
 Microstructure analysis using an SEM experiment and XRD analysis of samples containing 
perlite in sulfate solutions; 
 Investigation of the effects of pH and temperature changes on sulfate solutions on samples 
containing perlite; 
 Investigation of the use of air entrained materials and their effect on the strength and 
durability of concrete containing perlite is recommended because of the better performance 
of perlite in higher water-to-cement ratios, due to the volume of cavities; 
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Evaluation of the mechanical and durability properties of concrete containing ground
perlite powder cured in a real-environment situation;
Simultaneous grinding of perlite and clinker, production of cement containing perlite, and
evaluation of its performance in concrete.
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